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ABSTRACT 


Structural organization of the inner mitochondrial 
Membrane, isolated in the form of the inside-out vesicles 
called the sub-mitochondrial particles (SMP), has been 
investigated in the present work. The appearance of 
F,-ATPase molecules in the negatively stained preparations 
of isolated mitochondrial membrane has led many workers to 
suggest that there is a regularly repeating structure in 
the inner mitochondrial membrane. In the present work ex- 
periments have been carried out to explore the periodic 
two-dimensional structure within the plane of inner mito- 
chondrial membrane in SMP. SMP prepared from beef heart 
mitochondria have been negatively stained with 2% PTA 
(pH 7.1), and subsequently photographed in an electron 
microscope suitably modified to reduce the specimen damage 
due to the electron beam. To enhance the high resolution 
components in the image, the electron micrographs were 
taken at underfocus settings. Such micrographs of nega- 
tively stained SMP have been subjected to the optical dif- 
fracticonsanalvysis mands themresul ting opticalsFourzerstrans— 
forms have revealed an absence of any periodic two- 
dimensicnal structure within the plane of the membrane, 
thereby negating the possibility of a sub-unit structure in 


the membrane as discerned in SMP. 
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Spatial arrangement of the intramembranous pro- 
teins in the hydrophobic interior of the membrane has been 
examined by freeze-etching of the SMP preparations sus- 
pended in glycerol or water. "This technique provides the 
direct visualization of membrane proteins present both on 
the surface and in the hydrophobic zone of the membrane. 
The concave (PF) and convex (EF) fracture faces display 
the presence of typical intramembranous particles ranging 
in diameter from 4nm to l6nm. An asymmetry in the distri- 
bution of these particles between the two fracture faces 
hasS been noted. The packing density of particles in the 
concave fracture face (PF) is 2000 + 200 particles/um? 
and in the convex fracture mace (BED vse ls C0Shes 00Rpaat1— 
Cles/qm . Most -of the particles tall into®the size@range 
10-l2nm, followed by 5-7nm range. On comparing the fre- 
quency distribution of particle sizes with frequency dis- 
tribution of the sizes of the members of respiratory chain 
calculated from the available data, it can be inferred 
that there is no direct correspondence between the intra- 
membranous particles and individual members of respiratory 
chain. It appears therefore that the components of res- 
piratory chain are involved in molecular associations, 
which may occur between members of the respiratory chain. 
Such associations would be distinctly advantageous as they 
may facilitate cooperative interactions. 

The Optical difiraction experiments on “the .elec= 


tron micrographs of freeze-fracture replicas display 
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ame Use srungeextending trom about 9: to 12nm in the opti— 
cal Fourier transforms. Had there been a regular two- 
dimensional lattice of intramembranous particles in the 
hydrophobic interior of the membrane of SMP, the optical 
Fourier transforms should have displayed sharp diffraction 
Spoeswor ring(s). “Therefore, it appears that jthere wis. .a 
lack of any regular two-dimensional periodic arrangement 
of the particles in the hydrophobic interior of the mem- 
Dravue) OL woMP. ) thiisemay reflect the fluid mathix of the 
membrane, aS most biological membranes are currently thought 
to have. 

An attempt has also been made to visualize the 
Fy) -ATPase knobs on the surface of SMP by, freeze-etching 
SMP suspended in water. The resulting freeze-etch replicas 
have revealed a smooth etched surface (PS). This observa- 
peaWepes See! contradictory to what is expected on the basis of 
negative staining experiments on SMP which have displayed 
the presence of ~1l0nm F,-ATPase knobs attached to the sur- 
PacerOrgoMbebye ieestaliso se Consequently “thesin Vvavorsor— 
ganization of F,-ATPase particles in relation to the rest 


of the membrane remains uncertain. 
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INTRODUCTION 


The last decade has witnessed a rapid growth in 
our understanding of the structure of biomembranes and 
ideas about lipid-protein interactions and the diversity of 
protein types in biomembranes have undergone a consider- 
able change. Biological membranes are currently thought 
to be fluid mosaics (Singer, 1971; Singer and Nicolson, 
1972), with globular proteins intercalated into an inter- 
rupted lipid bilayer. As with all generalised models of 
membrane structure, such a picture should be viewed with 
caution. Especially it should be borne in mind that al- 
though the existence of alipid bilayer may be considered 
to be well established in some membranes, precise informa- 
tion about the membréne proteins and their mode of inter- 
acuioOnswithy lapids is very scarce. (Cherry, 1976) .  How- 
ever, irrespective of the particular arrangement of pro- 
teins in a membrane, an obvious consequence of fluidity 
in the bilayer matrix leads to the possibility that the 
Membrane components may be mobile. Lipids may diffuse 
laterally in the plane of the membrane (Kornberg and 
McConnell, 197la; Devaux and McConnell, 1972; Trauble 
AncmoaCKMalli, me bom? eS Cande bla sete ai. 2) OGD Veda 
BiopespLocess CLoss. from onesside sol; thes bilaver to, the 


other (Deamer and Branton, 1967; Kornberg and McConnell, 
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POU bee henuneay and Roth rela, L977). SProteinswean also be 
expected to show both lateral (Frye and Edidin, 1970) 

and rotational (Wahl et al.’ ,197l-e Vanderkooiwand!Martonosi, 
Loy Vso reusion veethey, are not=hetamin=thel replace: by 
interactions with each other or with other cellular com- 
ponents, e.g., microtubules and microfilaments. 

It is evident from the recent developments in our 
understanding of the structure of biomembranes that bio- 
physical and biochemical approaches have been rewarding in 
providing knowledge about their structure. Techniques of 
nuclear Magnetic resonance spectroscopy (Lee et al., 1974; 
Levine, 1972), electron spin resonance spectroscopy 
(Gikbtenshteirn, 91976 sberlaner, 91970" Seeiig; 81976 MSmuth 
ANG butler Leo es Grit ticne and cost, LO7o ss McConne la 
LOO) ff a Lay oli iract On (Worthington, 19/6 sLuzzatiygl!o /ba; 
Luzgzati, .L976bD; Luzzati, 1968; Levine; 1973), flourescence 
SpcCthOoseepy, Whacdda, 1975), neutron beam studies (Worcester, 
1976), differential scanning calorimetry and differential 
thermal analysis (Chapman, 1973; Sturtevant, 1974; Melchoir 
and Steim, 1976), electron microscopy (Unwin and Henderson, 
1975; Zingsheim and Plattner, 1976) and classic techniques 
of surface science (Sears and Stark, 1973) have provided 
a wealth of information. Such studies have led to the ac- 
ceptance of the generalized membrane model described above. 

One of the functions of biomembranes is to serve 
as the reversible transducers of several forms of energy 
(Mueller, 1969; Chance et al., 1971; Clayton, 1973; Trebst, 


Lo, aeeoUce meno oOor Haddins, L9¢2s 0 1nesi, 19/27 Rang, Loy 4s 
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Kaback, '974- skou, 1975; Montal, 976). One of the 
major unsolved problems of bioenergetics is to obtain a 
complete working knowledge of the structure of the mem- 
branes of energy transducing organelles. The process of 
Oxidative phosphorylation in which ATP is synthesized by 
the energy liberated during the substrate oxidation 
tolater ys 1% no; haters. 2t aL. , 1976: slater, 1971) takes 
place in the inner mitochrondrial membrane in eukaryotes. 
meets the study of the structural organization of inner 
mitochondrial membrane becomes necessary as it would be 
‘important in elucidating the mechanism of oxidative phos- 
phorylation. 

The inner membrane of mitochondria contains 
approximately 80% proteins and 20% lipids (Lehninger, 
1975). It is composed of many kinds of proteins and 
phospholipids. Binet eona ay the proteins present in the 
inner mitochondrial membrane can be divided into three 
groups: 
he electron transport system, such as flavoproteins 
and cytochromes (Keilin, 1930; Yakushiji and Okunuki, 
1920; “Hateri, 1966); 
ae energy transfer system, including mitochondrial 
ATPase (Pullman et al., 1960) and oligomycin sensitivity 
conferring proteins (Kagawa and Racker, 1966a; MacLennan 
and Tzagoloff, 1968); and 
5% other proteins, such as carrier proteins of ions 


and nucleotides. 
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The inner mitochondrial membrane is functionally and 
structurally asymmetric and has a specific vectorial or- 
Ganizeattong( Racker 9 19/0) om It lis intrinsically permeable 
cr Hi OH’, Cl” and most other simple cations and anions, 
but has a highly selective permeability for specific meta- 
bolites and certain mineral ions because of the presence 
of specific transport systems (Lehninger, 1975). 

Distinct arrays of polyhedral or spherical sub- 
structure were observed by Fernandez-Moran in 1962, on the 
SUurraces Ot electrongtransporteparticles!. Later on 
Ferndndez-Moran et al. (1964) published their detailed 
studies on these particles and concluded that the cristae 
of beef heart mitochondria were made up of thousands of 
particles, each of which had three parts: 
ie a spherical or polyhedral head piece (8 to 10 nm 
in diameter); 

Pap apcylindricalsstalk (about, 5 mmy long and 3-4) nm in 
diameter); and 

3%. a base piece (4 x 11 nm). 

These authors thought of base-pieces as forming the inte- 
gral part of the outer dense layers of the cristae (of the 
surface that faced away from the matrix). These authors 
also claimed that negative staining with phosphotungstate 
was one of the several methods which could be used for the 
reproducible demonstration of the isolated particle. Iso- 
lated particle, when stained with phosphotungstate or 


shadow-cast, was shown as being a studded ellipsoid appro- 
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ximately 12 nm in its short dimension and 18 nm in its long 
dimension (Blair et al., 1963). 

Same particles (8.5 nm in diameter) were observed 
by Stoeckenius (1963) in the negatively stained preparations 
of mitochondria from Weurospora crassa, while a few experi- 
ments with the mitochondria from the organs of mammals gave 
the same results. The stain used was usually phospho- 
tungstic acid (pH 6.8-7.2) and the results obtained with 
uranyl acetate (pH 7.2) in the presence of ethylenediamine- 
tetraacetic acid (EDTA) were almost identical, although in 
general less satisfactory. In his electron micrographs, 
usually, the particles appeared to be separated from the 
edge of the membrane by a little empty space, although in 
some preparations at higher magnifications, a narrow 
SlLoalk a4. OstGeos0enme Ong, WaseScens ecChemicaleiixationsby 
glutaraldehyde destroys at least 95% of the stalked mem- 
brane bound particles (Stoeckenius, 1963) (Keyhani, 1972). 
When the mitochondria were negatively stained after fixa- 
ELOnewithiekMnOm, sOSO, »VapOLs. .(Stoeckenius, 91963) ,sor 
OsO,esolutions, (Keyhani, 1972), the particles were complete— 
Iveabsent. eilnea study conducted by PRansons’ (1963), pra- 
jecting subunits were found on the cristae of mitochondria 
from eight types of mammalian tissue. Malhotra and Eakin 
(1967) concluded from their study on the mitochondria iso- 
lated from the wild type Neurospora crassa that the knobs 
were seen in the negatively stained preparations only when 


the sucrose isolation medium did not contain EDTA. These 
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authors suggested that the presence of knobs may have been 
dependent on the physiological state of mitochondria and 
procedure of negative staining, and their appearance in 
the micrographs did not reflect on their capacity for 
oxidative phosphorylation. Racker and his collaborators 
soon demonstrated that the inner mitochondrial membrane 
knobs were ATPase molecules ("coupling factor F,"; 
Racker et aZl., 1965; Racker, 1970; Racker, 1976) and iden- 
Piaerecdm thems tatkedsS debactOn ton conterring ssensitlvt cy 
fOLteasCcenuainmantib1otic to the ATPase knobs (TOSCP"e= 
CErooOMVCinmesenattivacy: CONterring Protein; Kackes,. 1070; 
Racker, 1976). 

Another Coupling Lactor, F.¢ (Fessenden-Raden, 
1972) has also been identified, and this in addition to 
OSCP is needed for the attachment of F,-ATPase to the mem- 
brane (Racker, 1976; Kanner et al., 1976). A hydrophobic 
protein factor Fy, has been obtained in the form of a mem- 
branous preparation from mitochondria (Kagawa et al., 
1973). It confers oligomycin sensitivity to.F, and con- 
Sists OL as proteolipid. It as thought to be responsible 
for the transmembranous movement of protons (Racker, 1976). 
OSCP and F. are made up of the single polypeptide chains 
of molecular weights 18,000 and 8,000 respectively (Racker, 
US pee nOunetmcOuUp Ing taCctOlero Or sLaCtor. 5 (Racker, 
Tou enas alsospeen described, but 1t Still needs further 


characterization. 
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As for the F,-ATPase knobs, Sjéstrand suggested 
that these “lollipop"-like structures are artifacts 
(Sjostrand, 1968). He proposed that the procedure of 
negative staining would induce these "lollipop"-like 
structures because the ATPase molecules would "stick out" 
due to osmotic shock during specimen drying. However even 
when the osmotic shock was minimized by negative staining 
in ammonium molybdate (Muscatello and Horne, 1968; 
Muscatello and Carafoli, 1969); these “lollipops" were 
still present. These stalked globules were later on 
demonstrated in the ultrathin sections of mitochondria 
and submitochondrial particles, after gluteraldehyde fixa- 
tion and staining in uranyl acetate (Methanolic) (Talford 
andmnd Chet, a1 9e/3 je. 

The concept that there is a basic repeating unit 
in the inner mitochondrial membrane came originally from 
Green and his colleagues (Fernandez-Moran, et al., 1964). 
These repeating units were described as tripartite struc- 
tures, each consisting of a polyhedral or spherical head- 
pieces(S.0sto 10.0 nm in diameter), 9a cylindrical ‘stalk 
(about 5.0 nm long and 3-4 nm wide), and a base-piece 
(4 x llomnm). However, later on Green proposed the electro- 
mechanochemical model (EMC model) for the energy trans- 
duction in mitochondria, and again invoked the existence 
of an inner membrane repeat unit, in which the component 
proteins assume metastable conformations (Green, 1972; 


Green, 1974). Green also proposed a mitochondrial super- 
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molecule (for his EMC model) which consists of five com- 
plexes (Green, 1974): the four complexes of the electron 
transfer chain and a central unit, the tripartite repeat- 
ing unit (TRU), which contains systems involved in both 
AlPasyouthestsm(theehy-Alrase)' and active: transporte. ine 
complexes including the headpiece of TRU, all span the 
membrane” Erom matrix toy the, intracristal side (Green, 
1974). 

In the present work Green's hypothesis has been 
tested by investigating the sub-unit structure within the 
plane of the inner mitochondrial membrane (isolated in the 
form of the vesicular SMP), obtained from beef heart 
mitochondria. The theoretical basis underlying the experi- 
ments that were carried out to achieve the above-mentioned 
objective, is described below. 

A membrane is a three-dimensional structure and 
a schematic drawing of the single membrane is given in 
Figure 1. The electron density distribution of this mem- 
brane can be represented by t(r), where r represents real 
Space Coordinates (Worthington, 1976). This t(r) can be 


written as 


velGedh ea. Geet) Bed Garvan ly 


(Worthington, 1976), where t(x) and t(y,z) are lameller 


and sub-unit structure respectively. The one-dimensional 


Glectron density distribution in a direction at right 
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angles to the membrane surface is referred to as the 
lameller structure. The sub-unit structure refers to the 
structure within the plane of the membrane (Worthington, 
1957.6) 5 

Inan X-ray diffraction experiment, diffractions 
damsiIngmeerom tix )eand ti(y Zz) can, be distinguished, as) the 
X-ray beam parallel to the surface of the membrane gives 
rise to lameller diffraction, whereas when the X-ray beam 
is perpendicular to the surface of the membrane, it will 
gGivemrise sco sub-unit diffraction. 

In the case of the inner mitochondrial membrane, 
if there is any regularly repeating structure within the 
plane of the membrane as has been proposed by the workers 
cited above, this regular surface lattice must be repre- 
sented in the optical Fourier transform of the image of 
SMP in electron micrographs. This situation is analogous 
to the X-ray diffraction experiment, designed to obtain 
the sub-unit diffraction from the membrane. In the opti- 
cal diffraction, a laser is used instead of X-rays and the 
membrane specimen is replaced by its electron micrograph. 
In the present study, the technique of optical diffrac-— 
tion was employed to reveal all the periodicities present 
in the electron micrographs, as it provides the optical 
Fourier transforms of the micrographs. Klug and’ Berger 
(1964) first suggested the application of optical diffrac- 
tion for the analysis of periodic structures in electron 


micrographs. Later on Klug and his coworkers (Klug and 
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DeRosier, 1968; DeRosier and Klug, 1968) developed two 
novel methods which enable an electron microscopist to ex- 
tract phase information in the micrographs. (Optical dif- 
fraction pattern records only the intensity ||? of the 
Fourier components of the specimen and not the phases). 
The information that can be obtained from the optical dif- 
fraction pattern (optical Fourier transform) of an object 
is quite extensive. Unit-cell dimensions can be measured 
much more accurately from an optical diffractogram than 
from the direct measurements on the micrograph (Berger, 
1969; Sternlieb and Berger, 1969). By employing optical 
diffraction one can get separate details of periodic 
character from the substrate noise (phase contrast induced 
granulation). Symmetry elements are revealed in the opti- 
cal diffraction pattern of the micrograph (Klug and Berger, 
1964). 

The electron micrographs of the freeze-etch re- 
plicas were also processed for optical diffraction, to 
investigate the arrangement of the “intramembranous parti- 
Clest won the tracture faces Of SMP. “Purpose of this exer— 
cise was to find information regarding the order of arrange- 
Ment lOtethese@paGculcles in sthemnydropnobic! interlOorsormtne 


inner mitochondrial membrane (SMP). 
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MATERIAL AND METHODS 


Beef heart was chosen as the source for obtaining the 
mitechondria-because (1) it is available in bulk quantities and 
is cheaper, and (2) beef heart mitochondria are more stable over 
long storage periods. All the chemicals other than potassium 
succinate and PTA (which were purchased from Fisher Scientific 


Co.) were obtained from Sigma Chemical Co. 


lsolataon of Mitochondria 


The mitochondria were isolated from the beef heart by 
the method given by Smith (1967). Two beef hearts were obtained 
from a slaughter house within one to two hours after the animals 
Wencecdcriticed. (O ,ensure the cooling of the Cissvuesion Gransporse 
to the laboratory, the hearts were placed in ice. All subsequent 
operations were carried out at 2-4°C. The fat and the connective 
tissue were trimmed from the heart and then the tissue was chopped 
into small pieces. Approximately 300 grams of the chopped tissue 
was passed through the meat grinder which was maintained at 4°C, 
The meat grinder had plate holes approximately 4-5mm, in diameter. 
Thus obtained mince was placed in 400 ml. of 0.25M sucrose and 
0.01M Tris-HCl, pH 7.8. The pH of the suspension was adjusted to 
7.5 as rapidly as possible with 2M Tris (pH 10.8, unneutralized). 


This neutralized ground heart mince was placed in a double 
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layer of cheesecloth and was squeezed free of thewsucrose 
solution. About two hundred grams of this ground, neu: 
tralized heart tissue were suspended in 400 ml. oie Oly aay 
sucrose, 0.01M Tris-HCl, pH Hesse 1 mMTris-succinate, and 

0.2 mM EDTA (this solution will bemreferredsto aSetie sus 
Grose solution). In a glass homogenizing vessel, Fatty. 
milliliters of the suspension was placed, and a loose- 
fitting pestle driven by the heavy-duty @rill at 1400 rpm 
was inserted into the yeasel for one pass oF 10 seconds and 
two passes of about 5 seconds each. The rest of the sus- 
pension was homogenized in a similar way, and the final 
homogenate was adjusted to pH 7 oe with the addition of 

1M KOH. The homogenate was centrifuged for 20 minutes at 
1200 g (Sorvelt centrifuge RC2-B, rotor ss34 at a setting 
of 3250 rpm) in order to separate unruptured muscle tissue 
and nuclei. The supernatant solution was slowly decanted, 
taking care not to ehichesioey seine loosely-packed flutiiyslayer: 
To remove lipid granules, it was filtered through two layers 
of cheesecloth, and the pH of the suspension was again 
brought to 7.8 with IMekOH. [iis suspension was cence ls 
fuged for 15 minutes an a type 40 LOLOL of the Beckman 
Ta-40 centricuge at 26,V000"G (2250-0 Omroei) ee 2 pellet re- 
sulted, which consisted of three distinct layers: (1) a 
light, Loosely-packed buff-colored layer (light beef heart 
murochonaiid) ys.-0' 34 dark brown layer (heavy beef heart 
mitochondria), and (3) esau caaly, prown-black button at the 


bottom of the tube. The top layer, which consists of dan- 
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aged mitochondria was discarded by decanting about 20- 
25 ml. of the supernatant solution and then gently shaking 
the sucrose solution in the centrifuge tube. Thus the 
loosely packed damaged mitochondria were dislodged and the 
mixture was decanted out. Some light beef heart mitochon- 
dria adhered to the sides of the tube, which were removed 
Witch thovaid Or a glass stirring cod. The dark brown Jay— 
er of the heavy beef heart mitochondria was then dislodged 
Dypenoldcea stirring rod, Mixed swith 10 ml. otesucrose so- 
lution, and decanted, leaving behind the brown-black 
pellet. This mitochondrial suspension was homogenized in 
a tight fitting teflon homogenizer, with two passes, each 
OFM moe cOlds at. 40.0enEpm. 

The volume of the homogenate was made up to 
180 ml. with) sucrose solution, pH was readjusted to 7.8, 
and the suspension was again centrifuged at 26,000 g for 
15 minutes. The resulting pellet had three iayers; a small 
top, a large middle, and small bottom layer. Only the mid- 
dle dark brown layer was collected as described above. The 
mitochondrial suspension was homogenized, and the volume 
was adjusted to 60 ml with the sucrose solution.. The pHi 
was Tea nees Eos so. Ihis Ssuspens?on, was) centrinugeduar 
26,000 9 for 15 Minutes. This time again the.dark Drown 
middle layer was collected, suspended in a small volume 
of sucrose solution, and homogenized. The protein concen- 
tration was adjusted to 20-40 MG protein per, mMiitirlieerk 


Protein determinations were done by Lowry's method (1951) 
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and the average yield of heavy beef heart mitochondria 


(HBHM) was about 1 mg protein per gram of initial mince. 


Preparation of Sub-mitochondrial Particles (SMP) 


Thessub-mitochondrial particles jfrom beef heart 
mitochondria were obtained by the method of Hansen and 
Smith (1964). HBHM were isolated as described above, and 
were suspended in a solution 0.25M in sucrose, 0.01M in 
Prs-ie le play -o, lm cin ATP,  lmMeingMgCls, and 1mM in 
potassium succinate (this solution is abbreviated as 
STAMS), at a protein concentration of 30 mg/ml; pH of the 
suspension was adjusted to 7.8 with 1N KOH. This suspen- 
sion was Bey sieticateep at. 26,0000 for 15 minutes. Pilhe cark 
brown middle layer of HBHM was collected as described 
before, and suspended ata protein, concentration Or 30 
mg/ml in a solution 0.25M in sucrose, Us0IMein tris He 
(Orie Oo) elisa Te AnLE, ImM in potassium succinate, 5mM in 
MgClo, and 10mM in MnCl». The pH of the solution was ad- 
justed to 7.5 with either 1N HCl or KOHL,  Aliquots* OL about 
Ee Niwewele placed in a tube, kept in ice, and subjected 
to 10Kce sonic irradiation for 2 minutes from a sonifer 
(Braunsonic 1510) at a power output between 100 to 150 
Watts (P.E.P.). The pH was adjustea sto /. 0 vend staer re. 
sulting suspension was centrifuged at 14 x 10"g-min. (20,000 
rpm, 7 minutes, No. 40 rotor in a Beckman L3-40 ultracen- 


trifuge). The supernatant was collected by decantation 
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and was centrifuged at 40,000 rpm in a Beckman Type 40 
rotor for 45 minutes in a Beckman L3-40 ultracentrifuge 
(105,000 x g). As a result of this a tightly packed red- 
dish brown pellet was obtained. The surface of the pellet 
was rinsed with a few milliliters of a solution 0.25M in 
Sue Cse@eande 0 70aMeingi ris Hel) epla7 - S)landmthespelilctewas 
suspended to a protein concentration of about 20 mg/ml 

in sucrose-Tris solution described above. Protein deter- 


minations were done by the method of Lowry (1951). 


Negative Staining 


For negative staining a drop of the SMP suspen- 
sion diluted to approximately 1 mg protein/ml, was placed 
on the formvar and carbon-coated grids and stained with 
2% ephosphnocungstaceacidy (PTA) —epHai. Le) PPhosphotungstic 
acid was used because it is thought to be an effective 
stain, for the many polar atoms in its periphery impose an 
ordered structure on adjacent water molecules and leave the 
structure beyond it undistorted so that water can evapor- 
ate with little damage to the surface of the molecule 


(Blundell and Johnson, 1976). 


Freeze-etching of SMP 


a. Freeze-etching of glycerolated SMP 
For freeze-etching in glycerol, the SMP suspen- 


sion was centrifuged for 45 min. at 40,000 rpm in a Type 40 
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rotor in a Beckman L3-40 ultracentrifuge. The resudting 
pellet was suspended in 20% glycerol at the protein con- 
centrations of 10-15 mg/ml. After 2 hours in glycerol 
solution, drops of sample were frozen in liquid Freon 22 
and transferred to a Balzers freeze-fracture device and 
fractured at -100°C as described by Malhotra and Tewari 
(1973). The preparations were etched for 70 seconds 

with a liquid Nz, cooled knife right over the specimens at 
a vacuum of 1 x 107° torr and replicated with platinum-— 
carbon. The replicas were soaked in chromic acid over- 
night, washed for 1 hour in household detergent solution, 
followed by three washings in distilled water and eventual- 


ly these were picked up on the formvar-coated copper grids. 


b. Freeze-etching in water 

The SMP suspension was centrifuged for 45 minutes 
at 40,000 rpm in a Type 40 rotor in a Beckman L3-40 ultra- 
centrifuge. The resulting pellet was suspended in dis- 
tilled water at a concentration of approximately 5 mg 
protein/ml and centrifuged again at 40,000 rpm for 45 
Minutes, in a Type 40 rotor in a Beckman L3-40 ultracen- 
trifuge. The pellet so obtained was suspended in distilled 
Water ateal protein concentration of 10-15 mg/ml.) Drops 
of the sample were frozen in liquid Freon 22 and processed 
for freeze-etching as described before in the case of the 


SMP suspended in 20% glycerol. 
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Electron Microscopy of Negatively Stained SMP Preparations 


In the high resolution electron microscopy of 
biological or organic specimens, the radiation damage poses 
a very severe limitation over the obtainable resolution. 
In spite of the continual developments in the instrumen- 
tal resolving power and the applications that have been 
made with these improvements to the inorganic materials, 
the best sesolution of periodic Structure obtained with 
stained biological specimens is usually 2 to 3 nm. The 
resolution, attained with the unstained biological speci- 
mens is far worse than the above-mentioned value. How- 
ever, a few exceptions to the general limitations on re- 
solution in organic materials have been found, but these 
exceptions always occur in materials that are unusually 
resistant to the radiation damage (Glaeser, 1975). From 
a simple calculation it can be shown that the usual ex- 
posures needed in high resolution electron microscopy lead 
toa radiation dose of 10°° to 10'* rads being deposited 
Pimeeneecanp bem Glacser, 19/1; \GlacSerecr, 2... 00.) Ui GrubD 
and Keller, 1972). On the other hand, a dose of 10° rads 
is sufficient to destroy the original properties of most 
organic materials and a dose of 10S ecadsewi bie inactivate 
most of the enzymes and kill the most resistant of all 
living things (Glaeser, 1975). An idea of the severity 
of radiation damage can also be obtained from the follow- 


ing example (Stenn and Bahr, 1970): Ina 0.1 thick 


ofened ke of 


ie ie 40 


Peat a frre ¢ ae 


oii - 


- 


ig 
ejaumg “p- =) ADDL EET O6) ee ay bins 


¢ 
7 4 — one 
Raw ak ats my bat? oll Wo lead abt “ogetem 
‘<a aor i = -_ ad 
: : : 
‘ca ce ‘ f I mn litng SPSV @ 
“(pa ® LA” i 7 i 
* . > ; pn ae bit 
fal! coma Salt sq eka cars 
7 4 
| 7 
ha 4 Cree. ar P ‘ 
é : i . 
¢ af j ! a P 7< i 
= a ‘ 
fet ‘ n sx ane tt 
i é . ; 
é > ° 
7271 j 
ae 
. . _ o 
iar j sui - we i 1 oes 1 tie We 
: ‘ 
a ; i ae) § ! 
. & 1 7 
, 46 ° . iu j i ay 
(ies o feixGta ¢ 4 SWE Ih piwik en2oligqas 
3 i i H 
“on : 
; ' ‘al —_—— ‘ ae igia _ 
- i — 7 » as j ‘euie © ; a3 > OF FE6RE 
4 t¢ J cag! 0 ] 1? bw] ; - cc Al Bei ols ae ger 
- 7 : - Re a > fh 
a ; - oy | > “4 >) 02 wi, 2) LOn ‘| i > 4, “e tase ‘a? 7 
4 ® : f=) & . : ® , =» « a 
fetgetee) piled sha. Vblo7 “al 4p cmmcb- ustte than @ eat 
9 if 
7 fen Leer o fee 29 P jain i433 rites , my au 4m) é Lee “> 
: 7 7 : a ' a 
Shad “nd Sx ye iy titer iN oi TAD +ye e Sis 
, , 


ile 1 Aaa? ee 9 SAE ELA i MEGA Ht Ais 2" al 
BIHAN GMs. tty eGo’ Os (36)qn0b;e Sie aindavd = ai ag? 
: ine _ * ss Ca : . vu 

( So%et ads sive 60m i ~ ‘4 i sak aq 


a5 8A 
‘ lo a saath cena ad re 


18 


Organic specimen, at 100kV a single electron sustains ap- 
proximately one inelastic collision in passing through 

it. Each collision has an energy yield of the order of 
e2eVavtnemencroys yieldgof al C-Ci single bondmissofethe 
order of 5eV) 7 At a magnification of 10,;000x; a current 
density of at least 107* amp/cm* is required and from this 
it has been calculated (Stenn and Bahr, 1970) that energy 
absorbed by lg of specimen in a ls exposure is sufficient 


Pouring 2 UgGsore*tcesntorsteams 


An estimate of the electron fluxes to "see 
the molecular detail has been made by Glaeser (1971). 

The detectability of an object feature of the characteris- 
tic dimension d is determined by the ratio of signal to 
noise in the measurement. In order to record the image 
features with low contrast under the conditions of severe- 
ly restricted exposure, the signal-dependent noise, asso- 
Giaceduwithestatisticalsfiluctuations inethesintensity.from 
one area to another in the image, must be given careful 
consideration (Glaeser, 1971; Glaeser, 1975). Image con- 
trast can be defined as the ratio between spatial vari- 


ations in the intensity and local average of intensity 


(Glaeser, 1975): 


Gz AL oe ee (1) 


In the above equation C denotes inherent image contrast. 


The incidence of the electrons at the image plane is a 
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random process (Glaeser, 1971). If the total number of 
electrons passing into a given image "point" (picture 
element)r isn, then the statistical fluctuation, or “count— 
indpecuuommeerse/me(Glaecer, 1971). It is beneficial ito 
express this fluctuation in terms of the following para- 
meters: 

(1) the area of picture element, d?; 

(2), (the current density through the object, 7; 

(3) the "integration time" or exposure time, t; and 

(4) the fraction of electrons passing through the specimen 
that actually enter the lens aperture and contribute to 


the image, f£ (Glaeser, 1971). And thus, 
Tew feytede ae. 10) 


In case of limited exposure, a certain statistical fluc- 
tuation occurs in the particle flux from one image point 
to another, leading to the generation of spurious struc- 


ture, or spatial noise, with contrast (Glaeser, 1971): 
Cie e oe ee eo(3) 
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Die retort erg NeOrder sto Mrecolve: a Tow contrast. 1mage teature- 
the inherent contrast must exceed the statistical fluctuations 
by the minimum acceptable signal to noise-ratio, S/N. It leads 


to the following inequality (Glaeser, 1971): 


SN 
Che VEjt queasy a Es 


According to this equation the product of resolution and con- 
trast must exceed a certain constant, which in turn is deter- 
Inined by the conditions Of measurement —(f, "7, “and t)and: by the 
conditions of analysis (minimum acceptable S/N) (Glaeser, 1971). 
Therefore, to record some object feature with contrast C at the 
resolution Ovetiewintegratea flux density yu luse™ pesgreater 
Eianscarequal to (S/N) /C-ca = For @ Specimen with paNvalucear 
S/N = 5, the value usually quoted for the visual perception of 
structure (Rose, 1948), and an inherent image contrast C—.0.1, 
the minimum reSolution attainable with a flux density of 107’ 
electrons/cm* (the maximum permissible dose for negatively 
etainec cata acsescCrystaic) 1S of the Order Orel. onm™=(Gilacsen, 
1971). To resolve up to 0.5nm, a current density of 10'® elec- 
trons/cm* is needed which would totally destroy the specimen. 
Thus the radiation damage leads to a paradoxical situation. In 
Order to achieve migh resolutions, we need greater electron flux- 
es, but these electron fluxes would destroy the organic speci- 
men's structure. 
Disordering efrect Of the high vacuum ane the eltec- 
tron microscope also causes extensive damages to the 


biological or organic specimens (Stenn and Bahr, 198.01) 5, 
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The suggestion has often been made that the problem of 
radiation damage would be greatly reduced if the speci- 
mens could be examined in a vacuum of 107° torr or better. 
This suggestion is based on the observation that the speci- 
mens undergo dramatic modifications and it is associated 
With residual” gases in the microscopes at a pressure of 
10°° to 107-® torr. Specimen contamination and specimen 
etching are also one of the common problems encountered in 
preserving the specimen structure in the electron micro- 
scope. 

Negative staining alleviates these damaging ef- 
fects to some extent. Salts used in the negative staining 
lose water quicker than the protein molecules in the drying 
process and hence preserve the structure of the hydrated 
protein (Horne and Whittaker, 1962; Johnson and Horne, 
1970), and form a glass around the specimen which is like- 
ly to prove more resistant to the beam damage than the 
biological molecule alone. It was due to this reason that 
in the present study, the negative staining method was 
employed to visualize the SMP preparations in the electron 
microscope. The electron microscope was also suitably 
modified to provide low-dosage conditions for the electron- 
microscopy of the negatively stained SMP preparations. The 
overall objective was to reduce the specimen damage, due 
to the electron beam, in the electron microscope. 

The following method was used for taking the 


bright field electron micrographs of the negatively stained 
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SMP preparations. A Philips EM 300 electron microscope, 
equipped with a liquid Nz, cooled anti-contamination de- 
vice, operating at 100kV with 50um (first) and 50um (sec- 
onc) condenser apertures was used. No objective aperture 
was used. A narrow coherent illuminating beam could be 
obtained by exciting the first condenser lens, strongly. 

At first the grid was scanned at low magnifications using 
very low illumination levels, just enough to reveal the 
outline of the structures. Once a suitable area was found, 
it Was brought on the optical axis of the electron- 
microscopy (the marked spot on the large viewing screen) 
and the magnification was increased to the desired level. 
The specimen was then moved slightly using the translation 
controls, so that the area of interest was removed far 
from the center of the screen. Following this a narrow 
coherent illuminating beam was obtained, as described 
above, to enable the focusing to be done. The beam was 
then expanded to give the desired intensity on the screen 
(this intensity of illumination was kept as low as possible 
with the photographic exposure times kept at 4-16 sec.) 
andmthievarca wor einterest was brought back and) placed)on the 


optical axis of the electron microscope and photographed. 


Electron Microscopy of Freeze-etch Replicas 


Freeze-etch replicas were examined routinely 
in a Philips EM300 electron microscope operating at 80kV 


with a liquid N, cooled anticontamination device using 
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300um (first) and 300um (second) condenser apertures and 


a 25um objective aperture. 


Opel Cale. po caceron 


Optical diffraction experiments were carried out 
on a Polaron electron micrograph optical-diffractometer 
model M802. Optical elements in this optical diffracto- 
meter are mounted on a 3 metre length of double rail pre- 
cision optical bench. The optical diffractometer lens 


system shown in Figure 2 can be easily divided into three 


paves: 

ae the electron micrograph illuminating system; 
br the transform imaging system; and 

c the image reconstitution system. 


a. Micrograph illuminating system 

A 2 milliwatt Henetnneenecniale cer provides a source 
Ore coherentelightyof@\ = 63208nmes It gives a beam of about 
2mm cross-sectional diameter, and it is mounted on adjust- 
able legs. A spatial filter, SP, consisting of microscope 
objective fitted with the front face of laser and adjus- 
able iris diaphragm is employed to prevent any extraneous 
light from laser. The rays become divergent in passing 
through the objective and are converted by a planoconvex 
lens B to a collimated beam of light approximately 1 cm, 
in diameter incident on the electron-micrograph C. The 


electron micrograph is suitably masked to expose the par- 
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ticular area of interest only, and mounted on a mechanical 
stage which provides adjustments for selecting any area on 


the micrograph. 


b. Transform imaging system 

A plano convex lens D is used to image the opti- 
cal Fourier transform of the micrograph. A two-—lens 
telephotosystem consisting of lenses E and F is employed 
to magnify the image of the transform. The transform can 
be viewed by placing a ground glass screen in the mask 
holder G and recorded with 5 x 4 Polaroid Land camera back 
Providaed. | The) polaroid print of the transform is used for 
making a metal mask which allows the primary beam and se- 
lected diffracted beams to go into the image reconstruc- 
tion system. The mask is fitted in holder G in image re- 


constitution experiments. 


c. Image reconstitution system 

The rays which pass through the mask are recon- 
structed using lens H and J. Together these lenses form 
a telephoto system which is reversed and symmetrical with 
respect to lenses E and F. Lens K, which LSeiinal, 21s fa 
power projecter lens. Again, the reconstituted image may 
be viewed using the ground glass screen or can be recorded 
by the camera. 

However, in the present study, where the trans- 
form (optical Fourier transform) was of Main interest, the 


lenses H, J and K (image reconstitution lenses) were re- 
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moved and other lenses were rearranged on the entire 
optical bench to increase its magnification. 

Both the negatives of the electron micrographs 
of negatively stained SMP (at the magnification of x 25,000 
--40,000) and their enlarged transparencies (at the magni- 
fication of x 60,000--80,000) were used in the optical dif- 
fraction experiments. These were suitably masked to ex- 
pose only the particular areas of interest and were used as 
obyectssin the optical ditiractrometer Av coralwomezv@d1lf— 
ferent specimens were analyzed. 

Micrographs of the freeze-etch replicas of SMP 
preparations were enlarged to a final magnification of 
x 242,000. ‘Holes were punched in the micrograph at the 
locations where there seemed to be particles on the con- 
vex fracture face of SMP. Then the micrograph was kept on 
a black paper with its face down, so that the holes ap- 
peared black on white background, This was then photo- 
graphed on a Kodak Panatomic X film. The resulting nega- 
tive reduced the size of the mask (representing the ar- 
rangement of particles on the convex fracture face of a 
SMP) 19 times and was finally used as an object in the op- 
ticalwait¢tiractcometer. A total or L0Vspecimens wererana— 
lyzed. Photographic negatives of the optical diffraction 


patterns (optical Fourier transforms) were used for mea-— 


surements. 
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RESULTS 


Negative Staining 
a. Relationship between the electron microscope image 
and the specimen 

In the process of negative staining the specimen 
is surrounded by an aqueous solution of an electron dense 
salt (the negative stain) which dries out into a thin 
fine Stns thane fim, ~in effect, Gs an amorphous’ electron 
dense ‘glass' (Horne and Whittaker, 1962) in which the speci- 
men is buried. The negative stain penetrates into the 
hydrophobic regions of the biological specimen and the re- 
sulting image in the electron microscope reveals the un- 
penetrated regions as relatively electron-transparent 
structures against ar. electron dense background. Thus the 
amplitude contrast is provided by the scattering of elec- 
trons by the stain (Blundell and Johnson, 1976). 

In the electron microscopy contrast is achieved 
by both the amplitude contrast and by the phase contrast 
effects*which are created by contributions from defocus-= 
ing and spherical aberration of the objective lens. Phase 
contrast plays the predominant role at medium and high re- 
solutions. Since the Fourier transform of the image dis- 
plays these phase contrast effects more simply than the 


image itself (Erickson and Klug, 1971), these can be 
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readily investigated with the help of an optical diffrac- 
tometer or computer transforms. According to the wave 
theory of image formation, the effects of defocusing and 
spherical aberration are attributed to a phase shift 

(x{a}) which occurs at the diffraction plane of the micro- 
scope, in the scattered electron wave. It is a function of 


scattering angle ao and is given by 


X(a) = 2N/d(-t¢Cga* + FAfa?) Jers ss aus (6) 


where Cg is the coefficient of spherical aberration and 
Af is the defocusing (positive for a weak or underfocused 
lens) (Erickson and Klug, 1971). Transform of the phase 


contrast image, T is related to the transform of the 


a 
phys 


Objectpalulaed)) bythe expression: 


Ter (aro) = -T° (a,o)A(a) £ (a) Siny (a) woe = ey) 


where A(a) accounts for the effect of an objective aper- 
Murewkand isicalled faperture function, (Alo l>=—<i..1f sass de- 
fining aperture angle; A(a) = 0 elsewhere), a is the scat- 
teringeang le, ef (a), 1Sathe -atomicascattering efactorsror athe 
elastic scattering of electrons, and # is the azimuthal 
coordinate (Erickson and Klug, 1971). This equation tells 
us that the relation of the object to the image formed in 
the presence of aberrations is very simple and direct if 


expressed in terms of Fourier transforms. According to 
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this expression the image transform is directly propor- 
tional to the true object transform, modulated by three 
factors. Most important factor among the three factors is 
Sinxy (a), which is also called as the transfer function 
(Hanzen, 1971). 

The transfer function will have the following ef- 
fectsron thes termsiycorresponding toa spatial resolution 
Ofer: (aan aeSany (jee smclosemtom lL ,athem these terms 
would provide their full weight to the Fourier transform 
and details corresponding to this resolution would be 
hastiriliveeimaged;au(b) i1LeSiny (oes close tonzero,@tnen 
the terms of spatial resolution will be removed from the 
transform and will not contribute to the final image; 

(c) if Siny(a) changes sign then terms corresponding to this 
resolution will contribute to the final image with reverse 
contrast leading to therisk of false image. Therefore it is 
required that Siny(a) be relatively invariant over the 
Fangesoieresolutions! Ofinterest to us, @Curves for esiny (a) 
for different degrees of underfocus were computed by | 
Erickson anaswlugr( 19 jes ar Loewas sconcluded@that’™ 90nm 
underfocus would be a favourable choice for imaging details 
between 2 to 0.5nm resolution, while a greater degree of 
underfocus would be suitable for imaging details between 

5 to 2nm range. Erickson and Klug (1971) also examined the 
effect of transfer function in real images (negatively 
stained catalase crystals) and concluded that at Af = 540nm 


Many of the high resolution components are enhanced and 
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micrograph contains more detail and contrast. At this 
underfocus value, the phase contrast effect is sufficient 
to increase the transfer function for periodicities in the 
Gancewotm-stOsonmely aboutetivestimes to thatwor the 
in=focus image. Since this range of detail is of particu-— 
lar interest in protein studies, 500nm was thought to be 
Tievoptimum uncerfocus setting for such work. This is) a 
very important study because it provides insight into one 
of the most important aspects of image formation. In the 
present work too, most of the electron micrographs are mo- 
derately underfocused. In the present work, the electron 
micrographs of negatively stained SMP were taken at two 
underfocus settings: (a) at~l00nm underfocus (for imaging 
details between 2.0 to 0.5 nm resolution); (b) at~550nm 
underfocus (for enhancing the high resolution components 
in the range 2.0 to 5.0 nm. It was in accordance with the 
conclusion drawn by Erickson and Klug (1971) with respect 
to the implication of their work in biological electron 
microscopy. In their own words, 

Finally it is comforting to be able to confirm 

quantitatively that the moderately underfocused 

micrographs used in most biological electron 

microscopy are valid images, frequently the 

best possible in terms of resolution and con- 


trast, with no artifacts in the low and medi- 
um resolution range of interest. 


b. Negatively stained SMP and cristal membrane fragments 
In a typical SMP preparation, negatively stained, 


such as one shown in Figure 3, knobs approximately 10nm in 
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diameter can be easily identified on the inner mitochondri- 
al membrane vesicles (SMP). These inner mitochondrial 
membrane vesicles have the inner-mitochondrial membrane 

in the inside-out configuration, and these vesicles (SMP), 
therefore enable F,-ATPase knobs to be visualized. These 
knobs look more like polyhedral structures. It was Racker 
(1707 76) ewho first of all demonstrated that the knobs 
present on the SMP are F;-ATPase (coupling factor"). “in 
most cases these knobs appear to be attached to the mem- 
brane by the stalks (Figure 4). These stalks are approxi- 
mately 6nm long and 3nm wide, and correspond to the oligo- 
NVeINESeNSLEeIVIitLy conterring proteins (!) OSCR Racker, 
1970). On the edge of the SMP, the F,-ATPase knobs can be 
very clearly seen to be attached by the stalks to the SMP, 
in most of the cases. These stalks are separated from one 
another by approximately an ~llnm-wide gap, as measured 
on the edges of the negatively stained SMP. 

Frozen beef heart mitochondria, when they are 
subjected to swelling and alternate freezing and thawing 
PHelLOtMerrer omc lOoride. (ph 0.0), scthelmochistal smenbranes 
undergo “tubularization" (Green, 1976). Results from such 
a phenomenon are shown in Figure 5. Regular-looking ar- 
rays of knobs connected to the membrane by the stalks, on 
either side of the "tubular" membrane, are discernable. 
This tubularization may be due to the transition of a 
single flat continuous membrane sheet to a large number of 


interconnecting tubules (Green, 1976). According to this 
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author tubularization of the inner mitochondrial membranes 
means that the components of this membrane can exist in 
either of two states--the "two-dimensional" state of the 
flat membrane sheet and the "three-dimensional" state of 
tubular evaginations. In such structures, described as 
"tubular" by Green, the knobs have the diameter of 11.0nm 
(corresponding to the F)-ATPase knobs) and the stalks 

are ~6nm long and ~3nm wide. The distance between the 


EwoestarkSwonetnies. tubular smembrane ict lnm 


Freeze-etching 


a. Interpretation of freeze-etch replicas 

The evidence was first presented by Branton and 
his coworkers in support of their hypothesis that during 
"freeze-etching", the fracture plane passes through the 
interior of the biological membranes, so that the inner 
faces become exposed (Branton, 1966). Face views of the 
fractured membranes show particles of ~10nm diameter. 
Their number is subject to variation from one membrane 
ty Pemcomptiewotner. sbrantonvargucauthat theses particles 
belonged to the membrane interior. It was observed that 
upon etching, fractured membranes frequently display a 
narrow ridge ~3nm thick. Where the face view changes into 
cross-fracture, the ridge is seen to be continuous with one 
of the two parallel ridges that form the usual appearance 


of cross-fractured membranes. Therefore it was concluded 
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that the membrane was split. Similar argument has also 
been applied to the swollen nerve myelin, rod outer seg- 
ment membranes, and swollen lecithin lameller phases 
(Branton, 1967, Clark and Branton, 1968; Staehlin, 1968). 
After considering actual dimensions and spacings of the 
ridges, it becomes clear that an ~5.5nm-wide gap must 
exist between them. Langmuir-Blodgett eechnaene (Langmuir, 
1917; Blodgett, 1935; Langmuir, 1939) has been employed to 
assemble radioactively labelled bilayers and multilayers. 
THese@wenres:crozen and Split "and the radioactivity of tne 
separated layers was measured. The results thus obtained 
are explainable only by assuming that assemblies split 
along a plane defined by the methyl end groups of the indi- 
vidual monolayers (Deamer and Branton, 1967). After frac- 
turing and shadowing under the conditions of freeze-etching 
(-100°C)+ very smooth surfaces were noticed. Only a few 
particles could be found on these surfaces. Similarly 
membranes which have little or no protein, generally dis- 
play smooth fracture faces as in the nerve myelin (Branton, 
1967; Malhotra et al., 1975), liposomes (James and Branton, 
L971) "and Vameller lipid phases (Deamer et ai., 1970). 
However, more information about the nature of the surface 
revealed after freeze-fracturing was obtained by experi- 
ments employing chemical prefixation. Aldehyde fixation 
which cross-links the proteins, did not bring about any 
change in the appearance of the membranes after freeze- 


fracturing and etching. However, an improvement in their 


tl andi 
i _ i vn Ana 


iv * alae 
epi bt sie: wnt a 
ae peed S wt cwertiohial are oats, — ass 
ah oe quit ob ih er if - touent Dia 
700, A fobs 10552 6 sees Oc. 


FUT Sy Pa oi Pan J ip nme 


eg jerate tia age (Ft BR" STeenky..> ety aoe 
‘ ° ? a a 7 4 
Lie ") rd ie eye p M } fed * av) : ln? bc Atha 't 
- 
mig Ge “¢t ;> wey tae ye tpn veges’ wener 
s] 
saabete? ovis’ beteaos a) “uae Gel, Wet: Nee 
: 44 ; r ie 
rien ait idee tal gins yi aw. Vidoes 
ee ee 
; : 7 
~SNT1 +28 # (Paekt. .vesiwt Se Owe teak ere tent 
ai « i -) tht ‘a ie , io ¥ 
a2 one < 7 a Li 1 a - a f ' 
*) 4 | ¥ po ‘ Sere! A > : > ; ww) ) a ae 
4>i31 ht anton Te> mj" ’ 76 7 7) “ot oJ ju = 
all it ime Carat T.. Mr a ye i Cc ae : a vane & rl Aad 


er a7aee at) “eo e3 rere 
pis? 40 ee —e Heda! Gres amet e Gl EVO ls » lr 4% oLearis 
wert 7 iy 84 a eawdcly 7445, TI Ons 

sai 7) wee +d wabyageh: sae vi ion 1a 
peste. NORINS? lo prere oa 


oneye e 


33 


overall mechanical stability was noted (Jost, 1965; 
BrantonwandwPark 7) 1967; Bri Vackwand Marchesi?, 1519 70)e8 When 
- the aldehyde-fixed membranes were subjected to lipid ex- 
traction prior to the freeze-fracturing and etching, the 
splitting of membranes was abolished completely. Although 
Licmeaistane lier Istructure  couldustilsl be seen in the than 
Sections, (Parkwand: Branton, 1966+-"-Pleisher er ale a9 6ul- 
Branton and Park, 1967). These results clearly indicate 
that the lipids or lipid regions are required to achieve 
freeze-fracturing of the membranes along an inner plane. 

Deamer and Branton (1967) have proposed an hypo- 
thesis to explain the splitting behaviour of the biomem- 
branes. They explain their arguments on Kauzman's 
(1959) thermodynamic considerations of the temperature 
dependence of the energy of hydrophobic bonding. Freezing 
is known to weaken the hydrophobic bonds and so the hydro- 
phobic interior of the biomembranes becomes more suscep- 
Bible tosespila:tting tnithe frozen ’state (than) any fothemizone. 
However since the frozen membrane is not in a thermodyna- 
mically equilibrium state, their argument should be weighed 
WEEN CaUtCION. 

Experiments with the membrane surface markers 
(covalently bound Ferritin or attached F-Actin) demonstrate 
that these markers can only be seen after etching; they 
never appear on cleaved membrane faces (Pinto de Silva and 
Branton, 1970; Tillack and Marchesi, 1970). This lends 


strong support to the membrane Splitting Mhypotnes as aay, 
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employing the techniques for the production of complimen- 
tary replicas from both (complimentary) fracture faces of 
demembpBanem(oleytr, 019707 Wehrlivet ale, 91970- Chalfont 

and Bullivant, 1970), it was found that both fracture faces 
were unetchable. It can be simply explained on the basis 
of the membrane splitting hypothesis. 

Brantons (1967; 51971) has arqued thatetne: moleeular 
correlates of the membrane intercalated particles occurring 
within freeze-fractured biomembranes, are proteins. It 
has been shown that they are pronase sensitive and their 
occurrence sis sinftluenced by the “metabolic activity)! of <a 
cell or membrane type. 

Wallach and Zahler (1966) were the first to 
DOMNt Outs tne possibility and likelihood of hydrophobic 
protein-lipid interaction in biomembranes. A large amount 
of evidence has accumulated in the last few years regarding 
the membrane intercalated particles and now the idea is 
widely adopted that these membrane intercalated particles 
represent proteins (including the polypeptides and oligo- 
mers (Bullivant, 1974; Bretscher and Raff, 1975). Recently 
(Beantoneeteats, 1975) "a nomenclature for the freeze- 
etching has been proposed which is simple and uniform to 
describe the various fracture faces and surfaces. Accord- 
ing to this scheme of nomenclature, for any membrane that 
can be split, the half closest to cytoplasm, nucleoplasm, 
chloroplast stroma or mitochondrial matrix is designated 


as "protoplasmic half" abbreviated as P; the half closest 
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to the extracellular space, exoplasmic space, or endoplas- 
MNUcmopacculs Cesitonated asi extracellular, exoplasmic or 
endoplasmic half, abbreviated as E. E is also used to 
designate the half membranes closest to the space between 
the inner and outer membranes of mitochondria. 

AGter labelling the halt membrane as Por EB, the 
particular aspect seen in the electron microscope can be 
recognized as a true surface of the membrane or as a 
fracture faces —lhersuriace aS snamea either PS or ES eand 
it is the hydrophilic portion of the membrane usually re- 
vealed after etching; the fracture face is designated as 


Iie Owe Lee. 


be TReeren ane ang of SMP 

Sub-mitochondrial particles are inside-out 
inner mitochondrial membrane vesicles, obtained from the 
mitochondria. . Therefore, in SMP, the face of the inner 
mitochondrial membrane, which is closest to the mitochon- 
adrialismatrrix in intact mitochondria, faces the outside of 
the vesicle. And the outer surface of the inner mitochon- 
drial membrane in intact mitochondria faces -the anside of 
the vesicle in SMP. 

Tn a sub-micochondrial particle,” thererore, he 
protoplasmic half of the inner mitochondrial membrane faces 
towards the exterior of the vesicle while the exoplasmic 
half faces towards the interior of the vesicle (Fig. 6a). 


For the sake of explanation the sub-mitochondrial particles 
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can be considered to be the vesicles of varying size. Dur- 
Ioethemtracturing « themtracture) plane "hits" those vesi- 
cles which are within the reach of this plane. The mem- 
brane of these vesicles splits in half between the phos- 
pholtpid leaflets thus. revealing, on a profile in the, form 
Ofea espneh calesurtace;mansinternalmetracture. facesoL the 
membrane studded with particles. If the plane hits the 
vesicle above the equator, a convex fracture surface is 
formed; if it hits below the equator, the surface is 
concave (Weibel, Losa and Bolender, 1976). In SMP, the 
convex fracture face is the exoplasmic fracture face (ab- 
breviated as EF) and the concave fracture face is the pro- 
toplasmic fracture face (abbreviated as PF). The corres- 
ponding etched true surfaces are called exoplasmic surface 


(the ES) and protoplasmic surface (the PS) (see Figure 6b). 


ie breeze-etching of glycerolated SMP 
The total number of replicas examined was 40 and 
they were selected from 18 freeze-fracture experiments. 
LypLcolmerraCcturesLacecmnevedred agiler sErceze— 
fracturing and etching of SMP in 20% glycerol are exhibited 
in brgures 7, Sand 9. Both convex and. concave fracture 
faces were obtained. No true surface was exposed as a 
result of the etching. of glycerolated (SMP preparations. 
The membrane intercalated particles are present on both 
the convex and the concave fracture faces. The convex 


fracture face is the exoplasmic fracture face (EF) and the 


7 % a 
a ae a ook i aaa obs + wl isa oe aad 


itainor qo | ‘3 
bya ni oles in Py: (afny yas. aus arrer wis 
ar | > 36h i el lad 


oe ee) eee ee ee 


—pogig: ula ae vie ie ‘at a 


, a a | ate 4 poe Fie? evn 


a4 p Mevede & ./tgtage OY ouce 


a) ¥ v he a“ ~s 
La 84! é 
ne®, «a0 - (etes  avbwsted bi y tea 
«dit f vig russe ) ot mary ee re er 
te Gh eS) nx? by +, varett A ie 
a LU ' be = 7 . ral an 
> | 7 » é e 2 
® » vos uss . 4 5 
1tH) [ pm ifie borin P he - ae 4) s@ =) 
% ‘nnd 4 a. : 7 we i ra) e 
: 
@ 
j ] at on iis! a 
ba, 4 ° . : 
jLyTE b tse ere s.cy eset ee 215 ’ Lh 2) Le £ 
= § 
- 
Pe | ee = td mL ad ee tase “2 
: : = e of 
DRS? UI Te bel non! 2aiveeVte SP: 
S 


bed (MIARS aga ip sks VS (2) Se AG: pat Pou 
aju toatl avurane b, 4s mney aan, .C tea » LY 2 - 
& , it fasngse (ve. a A shsls ae p apessie » 


706 ng peice pad tigre, sian ae ina 
° oy - 


concave fracture face is the protoplasmic fracture face 
(PF). The intramembranous particles with diameters rang- 
ing from about 5.0nm to 16.0nm are present on both the 
fracture faces. It seems that the convex fracture face 
(EF) has a lower packing density of particles as compared 
with the packing density of particles on the concave frac- 
turvemraces (Pl) Serhereware vapproximate ly \13000+8300"parti— 
cles/ym* in the convex fracture face and about 2000 + 200 


particles/um* in the concave fracture face. It indicates 


5g 


the asymmetry in the particle distribution in the two halves 


of the membrane. 

The size distribution of the particles is given 
Piet gubBe (ea eMOStBOmsthespartichesstall =n the size 
range 10--l2nm, but there is a significant number of par- 
ticlessinecney7 eto -lOnme=range toon Thetsignriricanceror 
this distribution of intramembranous particles in respect 
of the known composition of the inner motichondrial mem- 
Deanewlsearscussedron pp. ste ~Onethnewconcave fracture face, 
a few of the particles are sometimes seen to be arranged 
inesomeskang ot Lruregqular rows, and their pattern 2s un-— 


even (Figure 10). 


ii. Freeze-etching of SMP in water 
When the sub-mitochondrial particles are suspend- 
ed in water and subjected to freeze-fracturing and etching, 
at least two types of membrane faces must be exposed in 


principle. One is the fracture face containing the 
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membrane-intercalated particles of the hydrophobic interior 
and the other is the etch face (surface). A typical con- 
vex fracture face (EF) exposed in the freeze-fracturing and 
etching of SMP suspended in distilled water is shown in 
Figure 12. It displays typical intramembranous particles 
ranging from about 5.0nm to 16.0nm in diameter. The pack- 
ing density of these particles is about 1600 particles/yim 
inethiseirackuLesrace, 

However, of the total of 38 replicas (obtained 
from 15 freeze-etching experiments) examined, only one 
replica showed two SMP with etch surfaces. The main reason 
for getting the etch surfaces with such difficulty seems 
to lie in the very small surface area of the sub- 
mitochondrial particles in the suspension. On fracturing, 
most of the surface area of the SMP is fractured, and it 
appears that very little area is left for the subsequent 
etching. And this, perhaps, renders the probability of 
obtaining meaningful etching very low. 

The etch surface (PS) is smooth and does not show 
the presence of any particles on it (Figure 12). On the 
contrary, a negatively stained preparation of the same 
SMP preparation displays the typical ~l0nm F,-ATPase par- 
ticles (knobs) attached to the membrane. This observation 
raises some very interesting questions. Why does the 
F,-ATPase not show up as the particles on the etch surface 
(PS) of the inner mitochondrial membrane in the freeze- 


etch replica of the SMP preparation? Is it being lost in 


the freeze-etching experiment, from the surface of SMP? 
Could it be possible that the negative Staining tis: causand 
the "lollipop"~like appearances of F,-ATPase on the SMP? 


These questions are discussed on 1 eA 
Optical Diffraction Studies 


a. Negatively stained SMP preparations. 

A typical optical Fourier, transform of the 
electron micrograph of a negatively-stained sub- 
mitochondrial particle is Gisplayed in Figure J3b. The 
corresponding electron micrograph of the negatively stained 
SibsamMreOcnondria ls parhi che, iss showiwineshigure, eau Ondy, 

a part of the surface (the image) of the sub-mitochondrial 
particle was subjected to optical diffraction. The remain- 
der of the area was covered. This was achieved by using a 
Diack Mask) winch va .c1rculay bole, dn eat, awhech) alslowedsthnse 
desired area to remain exposed to the laser beam, in the 
optical diffraction experiment. This area is shown under 
Bhies curclesin | 1oures 3a. Therefore, the, Opticals ounier 
transtorus of the selectron micrograph «(Paguresd3b) also 
Contains atic wuaunmnoter-daiftracta on patterneot a) cincuder 
hole; which displays a central peak called the airy disk, 
surrounded by successively weaker rings. In some cases 
instead of using a circular mask, a rectangular mask was 
used. For example, a rectangular mask was applied to the 
electron micrograph of a negatively stained SMP (Figure 


14a) to leave open a rectangular area and mask out the 
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remainder of the area. The corresponding optical Fourier trans- 
form is shown in Figure 14b. The transform contains the Fraun- 
hofer diffraction pattern of a rectangular opening too, 
because of the rectangular mask used. The diffraction pat- 
tern of a rectangular opening consists of a central spot, 
the shape of which is inversely related to the shape of 

the aperture; that is, more extended along the direction 
of the shorter side of the rectangle and vice versa. In 
the crossed pattern, there are sets of successively weaker 
spots (see appendix for details). 

As is evident from the optical Fourier transforms 
of the electron micrographs of the negatively stained sub- 
mitochondrial particles, the scattering object appears to 
be a non-—periodic one. The optical Fourier transforms lack 
any periodic elements which must have been represented on 
a reciprocal lattice, provided there had been any regular 
surface lattice or repeating subunit structure in the plane 
of inner mitochondrial membrane present in SMP. It seems 
that the lattice of F,-ATPase molecules is a completely 
disordered one. From the optical Fourier transforms of the 
electron micrographs of negatively stained sub-mitochondrial 
particles, it can be reasonably deduced that there is a lack 


of any two-dimensional repeating or subunit structure within 


the plane of inner mitochondrial membrane (in SMP). The 
optical Fourier transforms of the SMP resemble the optical 
Fourier transforms of non-periodic objects. 


For the sake of comparison the optical Fourier 
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transform of the electron micrograph (Figure 15b) of a 
Preeze-iLractured and etched replica of catalase CEy Stead ws 
slownwilebigure loc. “Figure 15a shows a catalase crystal 
negatively stained with 2% PTA (pH 7.2). For freeze- 
fracturing and etching the catalase crystals were suspended 
in water. The optical Fourier transform of the fractured 
face Or Catalase shows distinct repetitive details lamited 
tora cesolution of 3.2nm. Basic spacings are 16. Inm 

and 6, onm. The optical diffraction pattern shows 
diffraction spots, symmetrically arranged on the reciprocal 
lattice. In the electron micrograph of the negatively 
stained catalase crystal, the lattice repeats are 19nm 


andes .onm'. 


b. Freeze-etch replicas. 

Themoptical Fourier transform of the mask (Fi- 
gure 16b) representing the arrangement of particles on the 
convex fracture face (Figure l6a) of SMP, obtained by 
freeze-fracturing and etching in 20% glycerol, is shown in 
igure: loo.) sLt) contains information only about the par= 
ticles oLeinterest and thus the contusion likely tovbe 
caused by both the platinum grain and non-uniform appear- 
ance of structures as caused by platinum shadow in the 
electron micrograpns of the freeze-fractured (etched) 
replica has been avoided. The optical Fourier transform 
of the mask, representing the arrangement of particles on 


the convex fracture face of SMP, reveals a diffuse ring 
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extending from about 9-l2nm, with an average rad wus (COLs 
responding to 10.5nm. The spatial frequencies fall pre- 
dominantly between about 9-1l2nm range. This demonstrates 
lack of any regular two-dimensional periodic arrangement 

Of particles 2m che hydrophobic interior of the membrane. 
Because if there were any regular two-dimensional lattice 
of the intramembranous particles in the hydrophobic interi- 
or of the membrane, the optical Fourier transform should 


have displayed sharp diffraction spots of ring(s). 
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DISCUSSION 


F,-ATPase 


The negatively stained preparations of SMP distinct- 
Ty displays the presence of typical *10.0nm #)-ATPase 
(coupling factor F,") knobs attached by therstalks to the 
inner mitochondrial membrane (of SMP). These stalks are 
the correlates of the Abie sensitivity conferring 
proteins. It is reasonable to assume that if these 
~10.0nm F,-ATPase knobs, as visualized by the negative 
staining, are present and attached to the SMP, the freeze- 
etching technique would be most suitable for demonstrating 
the presence of these particles on the surface of SMP. 
However, in the present study, deep-etched submitochondrial 
particles were found to be devoid of any membrane-attached 
particles. The etch-surface of inner mitochondrial mem- 
brane in the SMP appears to be smooth. This observation 
leadse touaepaLadoxi Cal situation. = It Sseemsetia wel esulesmO 
freeze-etch studies are in agreement with Sjd6éstrand's sug- 
gestion cnatetne: "knobs" or “lollipopy—likesstructures are 
artifacts produced by the negative staining procedure in 
that the ATPase molecules would "pop out" due to osmotic 
shock during the specimen drying. But this argument has 
two problems. First of all, it’has been demonstrated that 
the F,-ATPase knobs are present even when the osmotic 
shock is reduced to a mimimum by negative staining in am- 
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monium molybdate (Muscatello and Horne, 1968; Muscatello 
and Carafoli, 1969). Though it is known that the negative 
stain dries before the specimen by the measurement of 
7H,Q concentrations of negatively stained preparations 
during drying (Johnson and Horne, 1970), the shrinkage 
eLtibacts are still a matter of controversy. “Onethe other 
hand, the phosphotungstic acid is expected to be a "good" 
stain because the large number of polar atoms on its peri- 
phery induce an ordered structure on the adjacent water 
molecules and leave the structure beyond it undistorted 
so that the water can evaporate from the stain with little 
damage to the surface of the specimen. Therefore it seems 
less likely that the phosphotungstic acid would induce the 
artifacts in negative staining. Recently, the stalked knobs 
have been claimed to be visualized in the ultrathin sec- 
€i0ons Of mitochondria and submitochondrial particles, pre— 
ferably after glutaraldehyde fixation and staining with 
methanolic uranyl acetate (Telford and Racker, 1973). 
However, aS compared with packing density of 
particles in the negatively stained, unfixed preparations 
of inner mitochondrial membrane which exhibit approximately 
3000 particles/um? of the membrane area (Stoeckenius, 1963), 
packing density of particles in ultrathin sections (Tel- 
ford and Racker, 1973) is much less (Zingsheim and Plattner, 
1976). However when the particle packing density of face 
views of negatively stained inner mitochondrial membranes 
following glutaraldehyde fixation (Keyhani, 1972; Stiles 


and Crane, 1966) is compared with the particle packing 
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density in the ultrathin sections of the mitochondria and 
SMP (Telford and Racker, 1973), both are found to be in 
agreement. Thus the negative staining and thin sectioning 
data appear to be reconciled. But the freeze-etch data 
presents the problem in its interpretation. Recently an 
interesting observation has been made by Beechey and his 
cowonkers@ (Beechey et ac. 401974). 8 These@authors .haverde— 
monstrated that in the submitochondrial particles extracted 
with the diethyl ether, the typical inner mitochondrial 
membrane knobs, which are correlated with ATPase activity, 
fail to show up in negative staining. The vesicles (SMP) 
appear to be less regular. One would assume that either 
the inner membrane knobs have been contracted into the 
membrane or the PTA now cannot penetrate the membrane 

and reveal the knobs. However, in these diethyl-ether 
treated SMP, the membrane bound ATPase is still sensitive 
to aurovertin, an antibiotic that binds to the ATPase mole- 
cule itself (that is the inner membrane knobs). Therefore 
it appears that the diethyl ether extraction has little 
effect onsthe ATPase molecule itself. “However, diethyl 
ether extraction causes a loss of the sensitivity of the 


ATPase activity to oligomycin, venturicidin, DCCD and 
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fyicthyletanseelt causes relatively vittle oss#or the lipid 


(14% of the total membrane phosphorus is extracted) and 
almost no extraction of protein (just 0.05%) from the mem- 
brane. It appears that the lipid loss may be responsible 


for contracting the F,-ATPase within the lipid environment 
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and thereby rendering it inaccessible to the negative 
Stain 

Penefsky and Warner (1965) have proposed a 
structure for the mitochondrial ATPase which consists of 
ll subunits each with a molecular weight of approximately 
26000 and the entire complex has a molecular weight of 
284,000 (estimated by the sedimentation velocity). For- 
rest-and Edelstein (1970) ‘have confirmed this value. 
However, subsequent examinations of the molecular weights 
have led to a revised figure of 340,000-384,000 for the 
enzyme isolated from rat liver, ox heart and Saeccharo- 
myces cerevisiae mitochondria (Lambeth et al., 1971; Lam- 
beth and Lardy, 1971; Catterall and Pedersen, 1971; Senior 
ANGmETOCKS a U/l mr zagoloré yand (Meagher 771971) Burtered 
preparations of ATPase molecules from these sources show, 
on negative staining, the subunits arranged in a hexagonal 
array. The maximum cistance across the hexagon is approxi- 
mately 10nm (Kagawa and Racker, 1966; Schatz et al., 
LOGw eR ODACZVamcuEaiL., ©LIG8s Tzagolony andaMeaghnen, ala74; 
Pedersen and Catterall, 1973). If the average molecular 
Wwelgn teOonmtnessubunits is#55,000eandithe tsubunits tare 
spherical, then based on these assumptions it can be cal- 
culated that the diameter of the subunits is approxi- 
mately 5.5nm and a hexagonal array of these subunits would 
give rise to a structure with the maximum dimensions of 
15nm x 5nm (Beechey, 1974). However, this Ss noteineac— 


cordance with the sizes measured in the electron micro- 
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scope. Therefore it seems more likely that the subunits 
are not spherical. If one assumes that the subunits are 
ellipsoids with a minor axis of 3.3nm, the length of the 
major axis is 11.4nm (Beechey, 1974). A” hexagonal array 
of six of these subunits with parallel major axes gives 
ampSteructurer that agrees well with most (of the electron 
microscope images. But this model does not account for at 
least one and possibly three other subunits which are 
associated with the six subunits that have been considered 
here. 

Beechey (1974) has presented a diagrammatic sum- 
mary of the information available on the protein subunit 
structure of the oligomycin-sensitive ATPase, isolated 
ELOMEOacenaromyceemecerevretae m(ragures WW) ee thew structure 
appears to be a hexagon made up of subunits 1 and 2 
(diameter 5nm). The subunit 3 (diameter 4.4nm) is thought 
to be connected to the cylindrical oligomycin»sensitivity- 
conferring protein (5nm long, 3.0nm diameter)” in® the» cen— 
PremoLtestnesiiexagon. “Savand 8b (3.0nm diameter) and 9 
(2.6nm diameter) are displayed arranged around the oligo- 
nycin-sensitivity conferring protein cylinder. Though the 
Calculated dimensions of this model (15nm>x 9° 4nm) agree 
well with the measurements on the negatively-stained 
oligomycin sensitive ATPase (15nm x 10nm), it must be 
stressed that this model should be viewed with caution. 
The subunits in this model are assumed to be spherical in 


shape, which is probably not the case for the ATPase sub- 
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units (they are most probably ellipsoidal). 

Beechey (1974) envisages the above-described 
complex of subunits to traverse the thickness of the inner 
mitochondrial membrane and not protrude from the membrane 
aseoODservedsinethe negative staining a. .Thissmodel treadimy 
explains the absence of any particles on the etched sur- 
face (PS) of the submitochondrial particles that corres- 
pond with the stalked knobs seen in the negatively-stained 
PEepatablonssOGsSoMP Ss aThis oeed Baldy explains the presence 
of a membrane bound ATPase in the diethyl ether extracted 
SMP (Broughalltet al.,,. 1973), which in negative istaining 
reveal the absence of typical inner mitochondrial mem- 
brane stalked knobs. Perhaps on negative staining the phos- 
photungstic acid penetrates between the ATPase molecules 
with.the attached oligomycin sensitivity conferring protein 
and rest of the oligomycin sensitive ATPase complex to 
extrude the ATPase and oligomycin sensitivity conferring 
protein molecules (Cunningham et al., 1967; Beechey et al., 
Lo Se. 

However, the above given explanation has some 
serious problems. According to a model of the mitochon- 
drial proton pump (the mitochondrial ATPase system) (Fi- 
gure 18) described by Racker (1976) echt contalnsvagmini mum 
of eight polypeptide chains that are requried for func- 
tion. The biggest component where the energy transforma- 
tion takes place is the ATPase (F,). There are two other 


coupling factors, OSCP, an oligomycin Sensativitymconrer— 
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ring protein and another coupling factor era mechatcace 
required for the attachment of F, to the membrane. F, 

is a hydrophobic protein factor (Kagawa et al., 1973) 
containing a proteolipid. It is a membranous preparation 
from mitochondria and confers oligomycin sensitivity to 
the F,-ATPase and is responsible for the transmembranous 
movement sOre DLOEOnS.. who S aycoupling stactorathatest iil 
Neco -shuseherecharacterizationy (Rackereet a7., 1910) - 
THOUGn ENCE Drecaso functionsom £5025 still) unknown, ib 
seems to stimulate the energy coupling by decreasing the 
permeability of mitochondrial membranes to protons (Rac- 
ker, 1976). The proteolipid is the most intriguing com- 
ponent of the ATPase system. It is known to interact 
with energy transfer inhibitors such as DCCD (N,N' dicyclo- 
hexyl carbodiimide). The precise molecular correlates of 
the:stalk are also unknown. It could be OSCP or F¢z, or 

both or neither (Racker, 1976). A reasonable alternative 
Toma LSOmomSUDUl) t Ol, F aewhich Ws Tequrredmsror thes atiach— 
ment of the water-soluble ATPase to the membrane (Smith et 
rath ee ABSIT AS eer aacenelonhe the stalk is formed by all three 
as shown in Figure 18. Racker's model clearly displays 
the extramembranous location of F,-ATPase and is in agree- 
ment with the results obtained by negative staining of ‘SMP 
in the present study. Results obtained by thin sectioning 
of SMP (Telford and Racker, 1973) also support the extra- 
membranous location of F,-ATPase. Moreover, the reacti- 


vity of F,-ATPase in SMP to nonpermeant diazobenzene is 
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comparable to that of F,-ATPase in solution (Schneider 
Creel 2) quantitatively. These results would be dif- 
ficult to reconcile with any model which shows the F)- 
ATPase to be submerged in the membrane, and strongly fa- 
vours the extramembranous location of F,-ATPase. 

There is another line of argument which also 
favours the extramembranous location of F|-ATPase. Tt is 
known that the negative stains are hydrophilic and hence 
they should interact with the hydrophilic surfaces only. 

If the F,-ATPase was submerged in the lipid milieu of the 
bilayer in the inner mitochondrial membrane, then it should 
not be "stained" at all by the PTA in the negative staining. 
But, since in the negatively stained preparations of SMP 
the typical "stalked knobs" are clearly seen projecting 

out from the membrane, it is only reasonable to assume that 
Pine F,-ATPase projects out from the inner mitochondrial 
membrane and it is not an artifact of negative staining. 
However this model is unable to explain the smooth appear- 
AancewOeatnicwertcneamsurtace OlLeoMPain tie treeze-ercheex— 
periments done with the SMP suspended in water. More work 
is clearly needed in this area to unravel the secret of 
this phenomenon. There may be "non-sublimable" water 
present on the surface of the SMP and it will render a 
smooth profile to the etched surface. 

In the freeze-fracture of the SMP preparations 
in 20% glycerol, the typical membrane intercalated parti- 


cles are observed on both the concave and the convex frac- 
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ture faces. There is an asymmetry in the distribution of 
these particles between the two membrane halves. The 
protoplasmic half has more particles (2000 + 200 parti- 
cles/um’?) in comparison with the exoplasmic half (1300 + 
300 particles/um*). These particles most likely represent 
the components of respiratory chain (Wrigglesworth et al., 
1970). A theoretical frequency distribution of the com- 
ponents of the respiratory chain (Klingenberg, 1968) has 
been calculated from a knowledge of the approximate mole- 
cular weights and molar composition of the respiratory 
chain (Wrigglesworth et al., 1970). Cytochromes would 
comprise the majority of protein components in such a dis- 
tribution. Cytochromes fall in the particle size range 
4-6nm with a peak. at 6nm due to cytochromes a and a3. 

The distribution is given a low frequency tail 
by the ATPase and various dehydrogenases, between 7-13nm. 
Assuming a Pt deposition thickness of 1-1.5nm, a particle 
size distribution has been calculated for the intramem- 
branous particles observed on the fracture faces of the 
SMPa(mrgurces|1)2 From this distribution 1615 obviocus@etiar 
the maximum number of particles belong to 10-12nm range, and 
Hiercmeolulowed by the particles in the | 5o—-/nmerange. B ihene— 
fore, the freeze-fracture particles do not correspond one- 
to-one with the members of the respiratory chain (the mo- 
lecular correlates of the members of the respiratory chain). 
Some types of associations between the molecules of various 


members of the respiratory chain would give rise to such 
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a Situation, and it is reasonable to assume so as it would 
facilitate the cooperative interactions in the respiratory 
chan. 

ft is not surprising to find that the particles 
on the fracture faces are not representative of the indi-— 
vidual protein molecules. When membranes reconstituted 
with rhodopsin are freeze-fractured, despite the low mole- 
cular weight of the prosthetic group of rhodopsin (26,500- 
28,500; Bownds and Gaid-Huguenin, 1970), the fracture faces 
show ~Z0nm= Large particles (Hong and Hubbel, 1972)] These 
particles are too large to represent individual rhodopsin 
mOrec eats and sthererore it is quate Llikelyethatatheyrare 
multimers. MN-glycoprotein, which is obtained from the 
erythrocyte membranes (glycophorin, molecular weight ~55,000; 
Seco wee A) Can be Incorporated intesl1posomes.. This 
protein undergoes multimerization above a critical concen- 
tration in the liposomes and shows up as ~8nm large parti- 
cles in fracture faces, after freeze-fracturing (Grant and 
MeConnelily §1974-) Sergrest ef al, 1974) Recently sfishereand 
Stocckenius 419,77)" have correlated the freeze-lractured re— 
plicas of the purple membrane preparations with the elec- 
tron density projection worked out by Unwin and Henderson 
(1975). These authors have determined that each particle 
in the fracture face contains 9-12 bacteriorhodopsin 


molecules--63 to 34 transmembrane a-helices. 


Optied Pep uaginaciLon Studies 


The results of the optical diffraction experi- 
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ments on the electron micrographs of negatively stained 

SMP clearly demonstrate the absence of any subunit struc- 
‘ture inthe plane of inner-mitochondrial membrane in SMP. 
Furthermore, it also suggests that the lattice of Boe 
Atpace molecilessi syhighiv.disordered. aThesdata trometie 
optical diffraction experiments on the masks obtained from 
these eceronemicrographs, of thestracturemfaces of the, SMP 
also demonstrate a lack of any subunit structure in the 
hydrophobic interior of the membrane: The av eceanneeeaarrot = 
particles are not arranged in any regular two-dimensional 
lattice, and the average particle-to-particle distance is 
LO+anm.. These results negate the presence: of, the “much 
discussed" pronounced Subunit structure (Green, 1974; 
Green, 1972; Fernandez-Moran et al., 1964) in the plane 

of the inner mitochondrial membrane. These conclusions are 
in agreement with the observations of Finean and his co- 
workers (Thompson et al., 1968) who have studied the inner 
mitochondrial membrane organization using the technique 
Oiesmall—ang le oe ray dittraction. se he, dint ractiony patterns 
obtained from Reraesd pellets of the inner. mitochondrial 
membrane (obtained from rat liver mitochondria) showed 

two or three orders of a lamellar repeat of 11.8nm at water 
contents of 10-30%. The lameller phase is thought to re- 
present the intact membrane which retains water essential 
to its integrity. Subsequent alterations in the diffrac- 
ELON patcetncs on. Lunthers duying probably represented mole- 


cular reoraanization within the membrane. These authors 
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found no X-ray diffraction evidence in support of a PpLO- 
nounced subunit structure within the plane of the inner 
mitochondrial membrane. 

These results, which negate the presence of the 
subunit or any two-dimensional periodic structure within 
the=plane of the inner mitochondrial membrane, point 
against™the® Stripartite repeating unit" (TRU) concept of 
the inner mitochondrial membrane organization given by 
Green and his colleagues (Fernandez-Moran et al., 1964; 
Greenvanadwi, 91972; Green,” 1974)). Werinste these authors had 
invoked the concept of *the ‘lipoprotein subunits, which ®was 
refuted later on Gtoeckenius and Engelmen, 1968). Now, 
Green has proposed a model (Green, 1974) in which the mito- 
chondrial supermolecule is envisaged to contain five com- 
plexes: 8) the four complexes of the electron™transfer chain 
and a central tripartite repeating unit, which consists of 
the systems involved in ATP synthesis (the F,-ATPase) and 
active transport (the membrane-forming basepiece). But 
on’ the basis of the observations made in the present study 
it seems that there is no repeating unit in the inner 
mitochondrial membrane. 

The concept of the lipoprotein subunits has been 
abandoned now. In some membranes the presence of a sub- 
unit structure (here the word subunit structure refers 
to the two-dimensional periodic structure within the plane 
of the membrane as defined in the introduction and there- 


fore it should not be confused with the lipoprotein sub- 
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units) has been demonstrated. Subunit X-ray diffraction 
patterns (arising due to the proteins within the plane of 
the membrane) have been recorded from the disc membranes 
obtained from the retina, sarcoplasmic reticulum membranes, 
hepatic gap junctions, purple membranes of the halophilic 
bacterium Halobacterium halobtum, and from the quantasomes 
ofthe ‘chloroplasts. 'The subunit diffraction is alttuse 
and of weak intensity and is therefore not easily re- 


x. 


corded. The first X-ray evidence for a subunit structure 


within the plane of the membrane was obtained from the 
Subuniitedit fractions pattern ,recordedetrom=rully hydrated, 
partially hydrated or air-dried isolated disc membrane 
preparations (Blasie et al, 1965). In the normal hydrated 
state the lattice of rhodopsin molecules is disordered but 
in the air-dried disc membranes, rhodopsin molecules are 
arranged nea Ssquare@lattice of 7.0) x<9 7 70nm.m* ine@thercase 
of the fully hydrated sarcoplasmic reticulum membranes, a 
subunit» pattern consisting of two diffuse reflections has 
been recorded. In the normal hydrated state the lattice 
OfeAleacesmolecules, 1s disordered withWan averagercenter— 
to-center nearest-neighbour distance of about 7.3nm 
(Worthington and Liu, 1973). Dupont and’ his coworkers 
(Dupont et al., 1974) have obtained a subunit pattern 

from the X-ray study on the membrane fragments from Tor- 
pedo electric tissue. In the Dantilallya dehydrated elec= 
troplax membranes, the cholinergic receptor molecules are 


arranged in a hexagonal array of 9.0nm in Sizer Sinethemcase 
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of the purple membrane, the unusually regular arrangement 
of the protein and lipid components was first demonstrated 
by Blaurock and Stoeckenius (1971). The X-ray diffraction 
pattern of purple membrane in water consisted of a series 
of sharp rings, the spacings of which corresponded to 

a two-dimensional hexagonal crystal with a 6.3nm unit 
cell. [Recently Unwin and Henderson (Unwin and Henderson, 
1975; Henderson and Unwin, 1975) have achieved a notable 
breakthrough in the analysis of the periodic arrays of 
biological molecules and they have determined the three- 
dimensional structure of purple membrane at 0.7nm resolu- 
eron. The unstained purple membranes in 1% glucose were 
exposed to very low electron doses, low enough to avoid the 
CeoseructionsoOre cicir, Steruccure, to obtain the = low dose 
images". The data obtained from low does images was combined 
with the data from the electron diffraction patterns. The 
low dose images were processed to provide the phases (the 
phases were suitably corrected for the contrast transfer 
BUNCuZOneOyauMeLLEziIng che Opticals Fourier transit Ormogo. 
the normal high-dose images), and the amplitudes of the 
structure factors were obtained by measuring the inten- 
sities in the electron diffraction patterns. By employing 
thesdata obtained for various tilt angles, a three- 
dimensional Fourier synthesis was computed according to 
the method given by DeRosier and Klug (1968). The map 
reveals that the bacteriorhodopsin protein in the membrane 


is globular and it extends to both sides of the membrane. 
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TEwis=madesup 7 a-helices packed 1.0-1.2nm apart and 
Joe Unie length running perpendicularly to the plane of 
the membrane. The molecules are arranged around a three- 
fold axis with a space of 2.0nm in diameter’at the centre, 
which is filled with lipid. The membrane displays a sur- 
prisingly great degree of order. Purple membrane is the 
only example of a biomembrane where we know the structure 
of a membrane-bound protein in sttu.] The gap junctions 
are made up of the units hexagonally arrayed with two- 
dimensional crystal-like regularity in the plane of the 
membrane. Goodenough and Stoeckenius (1972) have obtained 
thewsubuniterel lections from gap junctions: corresponding) to 
a hexagonal lattice of 8.6nm. 

Very recently Caspar and his group have used 
X-ray crystallographic methods and electron microscope 
image analysis to correlate the structure and composition 
of gap junction plaques isolated from mouse liver (Caspar 
Crm pene Oy scm MakKOwski et al., 1977). They haves shown that 
there is a significant short-range disorder in junction 
lattice, even though the long-range order of array is re- 
markable. This disorder has provided more information 
BDOUCMENeEnaeture: OLelLorces that holdsthe array together. 
In the case of gap junctions and purple membranes, the sub- 
unit structure remains unaffected by disyi ne 

It is now known on the basis of the observations 
of Blasie and Worthington (1969), who had employed the 


radial distribution functions to analyze the subunit 
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Structure, and that of Poo and’ Cone (L973) thats the esrno— 
dopsin molecules in the normal hydrated disc membranes have 
freedom of motion within the plane of membrane and behave 
like a "planar liquid". The subunits in the sarcoplasmic 
reticulum have also been demonstrated to behave in the same 
way (Worthington, 1976). 

What are the probable reasons for the absence of 
a subunit structure in the plane of the inner mitochondrial 
membrane? It is known in the case of the cytochrome c 
that it moves between its oxidase and reductase in the lipid 
milieu of the membrane (Chance, 1974). For such trans- 
lational and rotational motions that the cytochrome c under- 
goes, the membrane lipids must be in a sufficiently fluid 
State to allow for such motions. “And “this more fluid elipid 
environment would reduce the possibility of the organization 
of membrane proteins in any regular two-dimensional lattice 
in the plane of the membrane. Most of the membranes which 
have distinctive subunit structure have a relatively rigid 
lipid environment. For example in the case of the purple 
Membrane which has a regular subunit structure, the bac— 
teriorhodopsin molecules exist in a very rigid lipid en- 
vironment (Blaurock and Stoeckenius, 1971). However, there 
is still a possibility of the existence of regions of high 
lipid fluidity and relatively rigid lipid environments oc- 
curring together in the inner mitochondrial membrane. The 
evidence for the presence of relatively rigid environments 


in the inner mitochondrial membrane came from the experi- 
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ments with cytochrome Oxidase, which demonstrated that au yp ashes 
probably completely immobilized in the inner mitochondrial 
membrane or its rotation is confined to a Single axis 
coinciding with the Symmetry axis of heame a; (Junge and 
DeVault, 91975). 

The absence of subunit or any two-dimensional 
periodic structure within the plane of inner mitochondrial 
membrane indicates that there is, perhaps, a considerable 
freedom of molecular motion within the plane of the mem- 
brane. 

However, in relation to the implications of the 
present work it should be borne in mind that the results 
reported here are based on the studies of SHU eteley dhe alts 
possible that their organization may not be a true repre- 
Senation of the life-like structure of the inner mitochon- 
drial membrane. This constraint is Of particular signifi 
cance in view of the current concept of the "dynamic" 


biomembrane organization and function. 
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Figure 1. A three-dimensional drawing of a triple-layered 
membrane with a regular subunit structure 
(Worthington, 1976). 
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Figure 2. Optical diffractometer lens system. Ray dia- 
gram showing diffraction and reconstitution 
positions (Polaron Instruments Inc.). 
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PLATE 1 


Figure 3. A typical SMP preparation negatively stained 
with 2% PTA (pH 7.1). F,-ATPase knobs are 
seen attached to the surface of SMP. 
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PLATE 2 


Figure 4. An SMP preparation negatively stained with 
2% PTA (pH 7.a) showing F,-ATPase knobs at- 


tached to the SMP by stalks (arrows point at 
the stalks). 
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PLATE 3 


Figure 5. A negatively stained (with 2% PTA, pH 7.1) 
"tubularized" preparation of membrane fragments 
of mitochondrial cristae. 
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Figure 6. Freeze-etch nomenclature for SMP; membranes of 
mitochondria; freeze-etching of SMP in glycerol; 
freeze-etching of SMP in water. 


(e = convex fracture plane 

C' = concave fracture plane 

EF = exoplasmic fracture face 

EH = exoplasmic half 

ES = exoplasmic surface 

a = inner mitochondrial membrane 

O = outer mitochondrial membrane 

IMS = the space between the inner and outer 
mitochondrial membrane 

M = matrix 

PH = protoplasmic half 

PS = protoplasmic surface 

PF = protoplasmic fracture face 

SP = surface proteins 


W = water 
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PLATE 4 


Fracture faces revealed after freeze-etching 
SMP suspended in 20% glycerol. Arrow indicates 
the direction of shadowing. 


EF 
PF 


exoplasmic fracture face (convex) 
protoplasmic fracture face (concave) 


to 
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PLATE 5 


Figure 8. Typical fracture faces revealed after freeze- 
etching SMP in 20% glycerol. Arrow indicates 
the direction of shadowing. 
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PLATE 6 


Figure 9. Typical fracture faces obtained by freeze-etching 
SMP preparation suspended in 20% glycerol. 
Arrow indicates the direction of shadowing. 
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PLATE 7 


Figure 10. A convex fracture face (EF) revealing the 
intramembranous particles arranged in irregu- 
lar rows. Arrows indicate the rows. 
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Figure ll. Frequency distribution of particle sizes on 
the SMP fracture faces. Note that most of the 
particles fall in 10-1l2nm diameter range. 

Over 200 particles were counted. 
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PLATE 8 


Figure 12. A typical SMP, freeze-etched in water. It 
displays a rather smooth etched surface (PF) 
and a typical convex fracture face (EF). 
Arrow indicates the direction of shadowing. 
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Figure 13a. 
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PLATE 9 


A typical negatively stained SMP subjected to 
optical diffraction. The area under’ the circle 
was left open and the remainder was masked 

out in the optical diffraction experiments. 


Optical Fourier transform of the area enclosed 
within the circle in Figure l3a. It reveals an 
absence of any periodic elements and therefore 
it eliminates the possibility of a subunit 
structure within the plane of membrane in SMP. 


and 13b". Optical Fourier transform of the same 
area as shown in Figure 13a, obtained by using 
shorter exposure times. These, too, reveal an 
absence of periodic elements. 
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PLATE 10 


Figure 14a. An SMP negatively stained with 2% PTA (pH 7.1). 
The area within the rectangle was subjected to 
Opticalsdireractron. 


14b. Optical Fourier transform obtained from area 
enclosed within the rectangle in Figure 14a. 
It reveals an abstinence of periodic elements. 
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Figure 15a. 
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PLATE 11 


A catalase crystal negatively stained with 
2% PTA, pH 7.1. The lattice repeats are 19nm 
and 7.8nm. 


A catalase crystal freeze-etched in water. 
It reveals a fracture face. The area within 
the rectangle was subjected to optical dif- 
Eraction®. 


Optical Fourier transform of the fracture face 
enclosed within rectangle in Figure 15b. It 
shows distinctive repetitive details to a re- 
solution of 3.2nm. Basic spacings are 16.1nm 
and 6.5nm. 
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Figure l6a. 


16b. 


1L6c. 


PLATERY2 


Convex fracture face (EF) of a freeze-etched 
SMP. The fracture face displays typical 
intramembranous particles. 


The mask prepared by punching holes at parti- 
cle positions in the micrograph shown in Fi- 
gure l6a. 


The optical Fourier transform of the mask 

shown in Figure 16b. The diffraction pattern 
shows a diffuse ring extending from about 9-l2nm, 
with a mean radius of 10.5nm. 
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Figure 17. 


Figure 18. 


Diagrammatic summary of subunit structure of 
the oligomycin-sensitive ATPase isolated from 
Saccharomyces cerevtstae (Beechey, 1974). 


Structure of the mitochondrial proton pump 
(Racker, 1976). It is intentionally incomplete 
with respect to the subunit structure of F,- 
ATPase, because the topographical positions of 
the y and € subunits (which are deleted in the 
drawing) are not clearly known. 
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Figure’ 19: 


Figure 20. 


Pigure 21. 


Path difference for rays scattered at an angle 
a from two points A; and Az (Lipson and Lip- 
son,. 2 769))). 


Image formation in a single-lense optical 
system illuminated with a coherent beam 
(Johansen, 1975). 


Path differences between waves resulting from 
scattering in a plane object at two object 
points O and P. The angular coordinates of 
the interference pattern at point Q are a 

and g (Johansen, 1975). 
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ABBE'S THEORY OF IMAGE FORMATION 
CONCERT OF OPTICAL DIFF RACTOMETER 
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A. ABBE'S THEORY OF IMAGE FORMATION 


According to the Fourier theory of Fraunhofer 
diffraction, the Fraunhofer diffraction pattern .of oan 
object is the Fourier transform of the object (Lipson and 
Lipson, 1969). Amplitude and the phase of the radiation 
atvany point in ethesditfractiong patte snares the samp matude 
and the phase at the corresponding point in the Fourier 
transform. Suppose a radiation of wavelength A is scat- 
tered by two points A, and A» (Figure 19) placed ata 
distance x apart. If the radiation is incident normally 
to a line separating two points, the phase difference 
for waves diffracted at an angle a is equal to (2I[x/A)Ssina, 
which can be written as kxsina too (where k = 21/A). I€£ 
there is. a collection of points, A, cachescatcering) any an 
Diatude i (x),, the, completes wave sdibiracted ingthe direction 


a®@ is given by 


y = {° £(x)exp(-ikxsina) dx mesa (8) 

(Lipson, and Lipson, 1969.) a is the Fourier transform of 

f(x) in terms of the variable ksina, which is also called 
as u. This treatment is one dimensional. 

According to Zernike (1946) there are two steps 


of diffraction, in the process of image formation, in an 
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optical instrument: the incident light wave is first dif- 
fracted by the object and the image is formed by a second 
diffraction process in which diffraction of the diffraction 
pattern, produced in the back focal plane of the objective 
lens, takes place. 

However in Case of the ancoherent’ a1 luminatcion, 
Waves will=be aGnclined’to thelchject fromeasvarietye cr 
angles. If only one such wave inclined at an angle 8 to 
the object is considered, the Fourier transform can be 
written: 


oo ; 
Y(u,B) = if £ (x) exp{-ikx (sina + siné) }ax Ae Pon eR) 


(Gipson, 1972)eeeHowever; unless £({x) 2s an®extracrdinarily 
simple function, the problem becomesvextremelys complicated 
to deal with: therefore in order to explain) the: amage  form— 
ation process a simple case of plane See Wet illumination 
Wililebe used Johansen, 1975). Sin order ito conpieterine 
requirements of forming an image, it is necessary for an 
optical instrument to recombinesall ithe scattered waves from 
one point in the object to a single point in the space 
because of the fact that therobject scatters =thesplane 
parallel wave. The occurrence of an image point will be 
determined by whether all the waves arrive in phase. For 
the sake of clarity and simplicity, the object is taken to 
be a diffraction grating illuminated by a coherent plane 


wave as shown in Figure 20. The incident radiation will be 
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scattered by the object with the maxima of successive 
Ordersmatechiomang loser ay ase aOhrue, ders pO Yow A Mey Aa a 35 
These rays would be refracted by the lens so that all rays 
entering a given angle, "o., will intersectsat)a point & 
in the image focal plane, also known as the back focal 
plane. 

Me wit Praction pattern om tie CObyectets ine the 
Dback™focal®@ plane of the lens, each point -soy —sSi; ‘So, 

Si, S2 being a center of coherently reconstructed rays 
scattered from the object at a given angle. In this plane, 
intensity of each point would be observed. (The wave ¥ 

is a complex quantity and has both amplitude and phase. 
However in the diffraction pattern only intensity can be 
recorded. Intensity is equal to |¥|* or ¥¥*, where ¥* 

is the complex conjugate of ¥.) If the rays are allowed to 
go further from the back focal plane F' to the image plane 
I, they will recombine to give the image of the object. 

To produce an image, the relative phases between 
the object points and image points must be the same, and 
as is obvious the phase change between the object and the 
back focal plane, F' is opposite and equal to the phase 
change between F' and the image plane. It therefore im- 
plies that the phase relation between the back focal plane 
of the lens and the image is the inverse of that between 
the image and the focal plane. Therefore, it can be con- 


cluded that the image is the inverse Fourier transform of 
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f'(x) = {7°¥(u)exp(iku)du ee TEND) 


(Lipson, 1972), indicating the inverse nature of the trans- 


formation by omitting the minus sign in the exponential. 
So far only the objects in one dimension have 
been considered by the theory, but two-dimensional plane 
objects perpendicular to the lens system can also be con-— 
sidenedseasily | According: to Lipson (1972). each epoine an 
the object is defined by a vector r, direction of the inci- 
dent beam is defined by a vector sp and that of diffracted 


beam by a vector s. If the diffracting object is repre- 


sented by the function f(r), the total scattered wave would 


De; 
yeft” £ (r)expilel , (cosa - coxf)dA Neen Le 


Here dA is the element of area around point r, and a and 8 
are angles of incidence and scattering respectively. By 


giving the vectors s and So moduvigoObed/ jeg uatlone (de) 


can be written as: 


f= (72s (x) exp2Mi (x°s - r°sy)dA ee Ry) 


or 


= Ry seethed exp (2llir+s)dA Gee) 
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this general expression (Lipson and Taylor, 1959; sLipson, 
19/2) is valid for all vangles "or sinerdence. = erquation (le) 
represents ethe=Fourier @transtorm ob thewebyecumt (1). alo 
define a complete Fourier transform, two quantities, the 
phase angle and intensity are needed at each image point. 
SIncestherdi firaction= pattern | netnesback= Loca Leplane sO matne 
objective lens gives only intensity |¥|*, it is referred to 


as the optical transform. 
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B. CONCEPT OF OPTICAL DIFFRACTOMETER 


It was assumed in the one-dimensional diffrac- 
tion theory that the beam illuminating the diffracting ob- 
ject was a plane coherent wave, and that the lens was lo- 
cated "close to’ the “object. “By mounting "a"collimating tens 
TierOne Of etne Ciera totes ans object, this? Ulundi nati onecon— 
dition can be achieved to a certain approximation in the 
optical diffractometer. Under these conditions Fraunhofer 
diffraction is observed, and its theory has been treated 
in detail by many authors (Sears, 1949; Goodman, 1968; 
Gipson and Lipson, 1969). Lipson (1972) "has *provided a 
simplified view of the theory which considers a plane dif- 
fracting object (Figure 2) illuminated by a plane wave 
travelling perpendicular to -it. It’ is to be determined, 
then, how the waves from all points (P), having the coor- 
dinates) (*#,y);) add. together anvasparallel= plane at as larg- 
er distance (2). “if 16 Vs" supposea@thatepeint QOFis Zocated 
act such a plane, the coordinates are {arand 26," where ao 
andes are the angulal coordinates Of the wline. OO. eine 
path differences OQ-PO are equal to 22(ax + By), where a 
and @ are very small. The difiraction’ function ¥{q;, 8), —then, 
Gan be obtained by using equation (13). In order to deters 
mine the diffraction patterns of various objects, this equa 


won can be used. Of Special importance is *thesob ject of 
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an opening where f(x) is constant, it is needed to inte- 


grate the expression 


¥(a,8) = fexp{-ik(ax + By) }dxdy cane. oe 14) 


Over the ‘arearote the pening= 


When the periodicities present in an electron 


119 


micrograph are to be analyzed in an optical diffractometer, 


usually a rectangular mask is applied leaving out the 
aveawOle the micrographiwhiche1ssoranominterest mmnUpOnD 
illumination this single opening would produce Fraunhofer 
diffraction pattern with a central spot. Shape of the 
central spot is inversely related to the shape of the 
aperture and in the crossed pattern there are sets of 
successively faint spots. It can also be treated purely 
analytically, since the two dimensions can be dealt with 
separately. Assuming that the two sides of the rectangle 


are a and b, equation (14) will become 


a/2 +b/2 
a Clay De - { exp (~ikax)ax| pqonewbashiabeliy Fara (bay 
-a/2 =z 
After integration, 
= Sinkkaa , Sink8b 
¥Y(a,8) = ab se Se <e Masts LO) 


which represents the.intensity distribution and shape of 


the Fraunhofer diffraction pattern (Lipson and Lipson, 
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1969). A circular mask can also be used instead of rec- 
tangular opening to leave out the parts of the micrograph 
that are of no interest. Goodman (1968) and Lipson and 
Lipson (1969) have presented the theory, explaining the 
Braunhoter diffraction pattern of a circular opening, ex= 
pressing it in terms of Bessel functions. The diffraction 
DacterneOtewda Circular holerconsists Of sascentral speak, 
called the Airy disk, surrounded by the successive weaker 
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C. ANALYSIS OF PERIODIC SPACINGS AND ORIENTATIONS 
IN THE ELECTRON MICROGRAPH 


whe periodic spacings and orientations in the 
electron micrograph are determined by the analysis of the 
Optical diffraction pattern in a way that is-precisely 
Similar to the determination of interplanar spacings and 
orientations in the specimen by the analysis of the electron 
diffraction pattern (Beeston, 1973; Horne and Markhan, 
1973) @thevdistance on the optical dittraction pattenmn 
between any particular first order diffraction spot and the 
central spot is inversely related to the periodic spac- 
ings between the repeat features of the micrograph, which 
has been subjected to optical diffraction. The periodic 
Spacing, d, an the electron micrograph and therdistance 
between the associated first order spot in the optical dif- 
fractionspattern, and. Ene centtralsspot,mR ares te lated by 


the following equation: 


Radek eee. GRD 


where X} is the wavelength of the laser light (632.8nm for 
the helium neon laser) and L is the diffraction camera 
length. Camera length of the optical diffractometer can 


bercalibrated by a number of Suitable test objects (Horne 
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and Markham, 1978 7) fon example, negatively stained micro- 


crystals of catalase, platinumepthalocyanine crystals, etc. 


te lay 
eae al 
} i 
} 1a’ 
‘abel 
i A 
Ve bs 4 
pia ye 4 
i 


